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ABSTRACT 
 
Water supply is of crucial importance for sustainability of human life. 
According to the World Health Organization (WHO), water-related diseases are the 
most common cause of illness and death among the poor in developing countries. In 
2010, about 780 million or 11% of the global population did not have use of an 
improved source of water and 1.9 billion were without water service coverage. Since 
most of the population growth will be in developing countries, the number of people 
who lack access to safe water is likely to increase further. Even today, the provisioning 
of water supply facilities is not sufficient to meet the increasing water demand with 
rapid population growth and the advance of commerce and industry. Moreover, poorly 
laid-out pipelines and deterioration result in numerous leakage incidents as well as 
impacting the daily lives of citizens with inadequate water pressure. Developing 
countries are confronted by two main problems relating to the water supply system, 
namely, how to optimize the distribution network for achieving cost-effectiveness and at 
the same time how to meet increasing water demand. A water distribution network 
being the most expensive component of a water supply system, the overall planning, 
installation, and rehabilitation processes should be implemented accurately and carefully. 
Developing countries should devise suitable pipeline upgrading plans that are 
economically feasible within their financial constraints. To deal with these issues, this 
research develops a new approach to rehabilitation and expansion of the water 
distribution network. 
Chapter 1 provides the research background. It also introduces previous studies 
relating to the design and rehabilitation of pipe distribution networks. 
Chapter 2 reviews a report on the global water market, and examines municipal 
water markets from all over the world. This chapter also looks at Indonesia’s water 
market structure and strategic drinking water management, comparing these with others 
countries in the East Asia Pacific Region (EAP). The analysis indicates that global water 
markets are expected to increase in the future and will be dominated by rehabilitation 
network investment. The EAP region, with the largest population, requires a substantial 
budget for building and maintaining water infrastructure. Strategic pipe management in 
this region appears to consist mainly of efforts to rehabilitate the water distribution 
network, with the exception of Indonesia, Thailand and New Zealand. Strong economic 
and population growth make Indonesia a country with a favorable water market. It is 
supported by an abundance of water resources. Since water service coverage only 
reached around 31% of the total population in 2010, water utilities should pay more 
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attention to expanding and rehabilitating the water distribution network and achieving 
World Bank targets in the drinking water sector. 
Chapter 3 focuses on the study area, reviewing an existing water supply system, 
and considering problems occurring in the water supply sector. Inadequate alignment of 
distribution pipelines, low water pressure, and high water losses are major problems in 
the study area. At the same time, many old pipes are still in use, while smaller mains of 
polyvinyl chloride pipes are installed in newly developing areas. These pipes are 
100-150 mm in diameter, and are not sufficient to achieve stable and continuous water 
supply. Water demand forecasts point to rapidly increasing water demand in the future. 
Although the water authority recognizes the urgent need for rehabilitation and 
reinforcement of the existing distribution pipe network, it is not capable of allocating 
sufficient funds. In undertaking the upgrading of water pipelines in the study area, an 
appropriate planning strategy is needed from the following two standpoints. One is to 
satisfy the hydraulic constraints of the water distribution network in order to meet future 
water demand increases. The other is to reduce life cycle costs. 
In Chapter 4, optimization models for the water distribution network design are 
proposed. This study uses TMR as an abbreviation of trunk/limb mains reinforcement. 
The purpose of this chapter is to show that the TMR concept is necessary for making 
possible “selection and concentration” of the upgrading process. The optimization 
models used in this study are based on a hybrid genetic algorithms model (HGA), which 
builds a pipeline network analysis program into the GA. The aim is to determine 
suitable diameters that will meet future water demand while minimizing the pipe 
material costs and meeting the hydraulic constraints. To this end, the study applies three 
types of HGA models. The objective of applying HGA-I, focusing on the final goal of 
2090, is to determine sufficiently large pipe diameters so as to handle the growing water 
demands of the future. HGA-II(a) is used to apply a process of selection and 
concentration on the proposed plan obtained by means of HGA-I, from the standpoint of 
improving cost performance. The purpose of applying HGA-II(b) is to determine 
appropriate diameters for interim plan years (2030, ’50, ‘70). It is revealed that the 
optimization models can select 43 pipelines making up the main pipeline network from 
the target network consisting of 77 pipelines in all. 
In Chapter 5, life cycle cost (LCC) covers the following four items; 1) material 
cost, 2) civil work cost, 3) leakage cost, and 4) demolition cost. When pipes with short 
life cycle are selected, the design will meet water demands for the time being and 
diameters can be upgraded in phases. This approach, however, comes with the burden of 
frequent upgrades. Selecting long life cycle pipes at an early stage in the project, on the 
 
iii 
 
other hand, requires laying pipes with large enough diameters to meet expected future 
demand increases and may result in an uneconomical design. This study considers the 
combinations for upgrading to pipe materials with different life cycles. The results 
shows that the combinations for minimizing total LCC in the project period are different 
for each pipeline. Furthermore, this chapter proposes a Multi-Step (MS) pipeline 
upgrade planning model that takes into account budget constraints in each project 
period. This model takes “improvement of the inadequate pressure problem” as a 
measure of the effectiveness of upgrading under budgetary constraints, and sets as an 
objective function the maximization of average water pressure across all nodes. The 
upgrading plan devised using the MS model was able to reduce costs by approximately 
12% in comparison with the case where budget constraints were not taken into account. 
The study shows that this model not only solves hydraulic problems but contributes 
greatly to improving the cost-performance of a pipeline upgrading project. 
Chapter 6 summarizes the main conclusions of each chapter. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 BACKGROUND 
Water supply is of crucial importance for sustainability of human life. 
According to World Health Organizations (WHO), water-related diseases are the most 
common cause of illness and death among the poor of developing countries. World bank 
2010 estimated that about 780 million or 11 per cent of global population do not use 
improved source of water as shown in Figure 1.1. Global water intelligence team also 
reports that approximately 1.9 billion populations without water service coverage. Most 
of them are living in developing countries in East Asia Pacific, South Asia and Africa 
region as shown on the Figure 1.2. In Indonesia, water service coverage in 2010 only 
reached 31% of total populations, or around 165 million populations without access to a 
piped water supply (GWI, 2011).  
By 2050 the world population is forecast to reach around 9.3 billion. Since 
most of the population growth will be in developing countries, the number of people 
who lack access to safe water is likely to increase further. In addition, water use in the 
country has greatly outpaced the rate of population growth in the last century: people 
are using more water than ever beforehand. Thus if this condition is not addressed as 
soon by preparing adequate water supply infrastructure then the number of people who 
lack access to safe water is likely to increase further. 
The water infrastructure market in many developing countries is expected to 
expand in the future. Even today, provision of water supply facilities is inadequate and 
not sufficient to meet the increasing water demand with rapid population growth and 
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advance of commerce and industry. Moreover, poorly laid-out pipelines and 
deterioration result in numerous leakage incidents as well as impacting the daily lives of 
citizens with inadequate water pressure. An important issue for developing countries 
will be to devise suitable pipeline upgrading plans that are economically feasible with 
severe financial constraints shall be under financial constraint. 
 
 
 
 
 
 
 
 
 
Figure 1.1 World population do not use improved sources of water and sanitation 
 
 
 
 
 
 
 
 
Figure 1.2 World populations without water service coverage 
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In countries with growing populations, water utilities face enormous challenges 
to meet water demand both in quantity and quality. When the water demand grows, the 
pipes already installed are no longer able to supply sufficient water and need to be 
replaced with larger diameter pipes, or new pipelines need to be installed. Water utilities 
should be adapted to the greater demand by preparing adequate water distribution 
network (WDN) facilities. At the same times, the high water loss is one of major 
concerns is being faced by water authority in developing countries. Old pipe with poor 
operation and maintenance may cause this problem. The problem will reduce financial 
capability and make poor performance of water authority. Judging from this fact, then it 
is needed to enhance a design method for rehabilitation and expansion of WDN. The 
method has to provide proper selection of pipeline and diameter, thus it is cost-effective, 
able to cope increasing water demand and easy operation and maintenance.   
Proper selection of material pipe is also one of the factors for succeeding on 
rehabilitation and expansion both in terms of the cost and technical. In many cases, the 
pipelines are being installed to meet water demand in conformity with a standard target 
year of projects (normally, 10-15 year target). It is often the case that the diameter of the 
pipes installed is no longer sufficient after the project and needs to be accordingly 
replaced. A method is required to identify the potential cost of pipe design alternatives, 
including those for initial pipe installation, replacement and leak repair. Thus a proper 
selection of material pipe also needs to be considered in design process. In other hand, 
due to limited fund for rehabilitation of WDN, water authorities are not capable to 
rehabilitate the overall network. They have to make scheduling and priority for 
rehabilitation based on their budget allocation. The scheduling and selection of pipe 
network should be established properly to generate the most effective of a rehabilitation 
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process, considering budget allocation and function of the network. 
 
1.2 PREVIOUS STUDY 
In section above describes the characteristics of common problems faced by 
public water authority in developing countries. In contrast to the developed countries 
that tend to be constant water demand, the countries only concentrate to optimize the 
existing system of WDN. Developing countries are confronted by the problem of how to 
optimize the distribution network while at the same time meeting increasing water 
demand. Numerous studies have been devoted to the design and rehabilitation of pipe 
distribution networks in developing countries. Mugabi et al. (2007) and Ukoli-Onodipe 
(2003) proposed a strategic planning framework to assist utilities in developing 
countries. Mugabi has focused on developing countries face enormous challenges in 
meeting water demand of their growing population. The study area in six African water 
utilities such as: Kenya, Uganda, Tanzania, Congo, Benin, and Lesotho. A framework 
for strategic planning has been provided in this paper, consist of four central questions: 
where are we now, where do we want to be, how might we get there and how do we 
ensure success? It also provides comprehensive answers to these four basic questions, 
through internal participation, generates a relevant and cost-effective road map for the 
utility, which integrates both strategic and tactical planning. While Ukoli-Onodipe 
presented a study for various improvements of water utility in low-income country 
using the contingent valuation method. Vairavamoorthy et al. (2008) presented the 
guideline for design and control of intermittent water distribution network systems for 
improving the equity of the water supply in developing countries. It is also included a 
modified set of design objectives to be met at least cost. These objectives are equity in 
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supply and people driven levels of service (PDLS) expressed in terms of four design 
parameters namely, duration of the supply; timings of the supply; pressure at the outlet 
(or flow-rate at outlet); and others such as the type of connection required and the 
locations of connections (in particular for standpipes). The guideline proposed in this 
study to meet the objectives is: First, provide an equitable distribution of the limited 
quantity of water. Second, meet the peoples driven levels of service (PDLS). Third, 
meet the objective (1) and (2) at least cost. The study was applied to a network in South 
India, where the distribution network is divided into five zones and water demand was 
assumed that increases by 50% evenly over a design horizon of 20 years, with the 
minimum head required of each nodes is assumed 7 m. To accommodate these 
conflicting requirements in study area, namely to meet larger demand and to control 
pressure equitably during the whole lifetime of the project, this study proposed a two 
part design approach. First, the minimum cost design is obtained ensuring adequate 
pressures throughout the network for the duration of the specified design horizon. Next, 
the objective to minimise the variability in pressure is addressed by considering the 
strategic location and setting of valves in the network. To achieve the minimum cost 
design and optimal valve locations, formal optimisation methods were developed and 
included in the guidelines. The optimisation programs are based on real-coded genetic 
algorithms. The Application of guidelines that proposed in this study could provide an 
alternative design with pressure controlled by strategically placed valves that could 
deliver an equitable water supply to all parts of the network. Yazdani et al. (2011) 
explored network expansion strategies of water distribution networks, that are aimed to 
secure and promote structural invulnerability, subject to design and budget of a growing 
city from a developing country. The city is Kumasi, which is the second largest city in 
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Ghana. It has a population of over one and a half million people with the rapidly 
growing water demand. To find the optimal expansion strategies, the study used to 
graph theory metric and measurement to capture quality of redundancy, optimal 
connectivity and structural robustness. There are four scenarios of the expansion namely, 
branched, looped, extra-looped and meshed. Then the scenarios to be examined for the 
expansion of the network to serve a growing part of the city, and investigate different 
investment office to improve structural invulnerability subject to limited financial 
resources. At the end of this work discusses the scope, usefulness and limitation of the 
proposed methodology. Sargaonkar et al. (2012) presented a model study for 
rehabilitation planning of water supply network in developing countries. The pilot area 
of this study is in Hyderabad city, India. It assists in determination of rehabilitation pipe 
network. The Integrated Risk Assessment of Water Distribution System (IRA-WDS) is a 
GIS-based Spatial Decision Support System (SDSS) to assess the vulnerability of pipes 
and the risk of contaminant intrusion in the WDN. The SDSS in this paper is consists of 
the Contaminant Intrusion Model (CIM), Pipe Condition Assessment (PCA) model and 
Risk Assessment Model (RAM). The CIM simulates the movement of contaminated 
water from different pollution sources through typical soils to- wards the WDN using a 
solute transport model, and the PCA evaluates the pipe condition s by considering a 
number of factors related to the physical, environmental and operational aspects of the 
WDN. The simulation results of the CIM mapped over the GIS layer of the WDN show 
sections of pipes in contaminated zones (CZs) from which the contaminants enter into 
the WDN. The PCA statistics and qualitative assessment of condition of pipes are 
qualitative rating of pipes varies into 5 ranks from Very Bad to Very Good. While the 
classified risk index values generated by the simulation of RAM are presented in 4 risk 
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ranks such as: very high, high, medium and low. The results assist water authority to 
design planning and rehabilitation of water distribution network.  
In other hand, Genetic algorithm (GA) has been used successfully in optimal 
design of pipe distribution network in across the globe. GA has been developed by John 
Holland (1975) at the University of Michigan. The main approach of GA is to minimize 
cost, subject to hydraulic constraints. In contrast with traditional method where design 
of water distribution network has been based on experience of planner or engineer, a 
genetic algorithm searches the optimal solution for the network based on natural 
selection and the mechanism of biological background (Goldberg, 1953). Simpson et al. 
(1994) presented a methodology for optimizing pipe networks using genetic algorithm, 
and compares the result with the other technique of optimization such as linear 
programing, dynamic programing and non-linear programing. In addition, this study 
also investigates a three-operator genetic algorithm comprising reproduction, crossover 
and mutation. The network study consists of 14 pipes with eight options for each 
decision variable where each option represented by a three-bit binary substring. Pascal 
computer program of three-operator GA coupled with a Newton-Raphson network 
solver developed to analyse perform of hydraulic condition at each function evaluation 
to determine the flows and pressure heads. The result proposed combination of three 
operators to find the global optimum for the network. The result also indicates that the 
GA is more effective in finding global optimal or near-optimal than both of the methods 
with required only a relatively small number of evaluations to find the optimum solution. 
Furthermore, Savic and Walters (1997) described the development of a computer model 
GA to the problem of least-cost design of WDN. The study compared with the solution 
from the previous study, hydraulic simulation were performed for varying numerical 
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values of the conversion constant in the Hazen-William Formula. There are two network 
examples to illustrate the effectiveness of GA as tool for water distribution planning and 
management, one of a new network design and one of parallel network expansion. 
Hanoi network is example network for a new network design. This network is consists 
of 32 nodes with 34 pipes. The minimum head requirement at each node is fixed at 30 m, 
while the set of commercially available diameter is 12, 16, 20, 24, 30, 40 in inches. 
Three-bit substring represented to handle more than six discrete pipe six. The following 
GA parameters were used: crossover 1.0, mutation 1/102 and population 100. The 
solution proposed by GA is more sufficient to meet the minimum head requirement than 
the previous study. While New York City Network is example network for the parallel 
network expansion. It consists of 19 nodes and 20 pipes. Because of aging and 
increased demand, existing network is not sufficient to meet the pressure requirement 
thus need to be installed parallel pipe expansion in the network. Crossover, mutation, 
and population are fixed at 1.0, 1/84 and 100 respectively. This result is more 
cost-effective and also meeting the minimum pressure requirement than the previous 
study. As well as Savic and Walters, Castillo and Gonzales (1998) proposed a GA 
method to solve the problem of finding features in a distribution network. It is 
approached from an economic viewpoint to a simple network. The GA has not taken 
into account the installations which do not meet all the constraints. During the search 
for a solution, it may come upon installations in which this fulfillment is not feasible. 
Gupta et al. (1999) also developed a methodology based on GA for lower cost design of 
new, and augmentation of existing WDN. The result of GA compared with non-linear 
programing (NLP). The solution set obtained from GA and NLP techniques showed that 
GA provided a better solution in general, mainly in cost-effectiveness.   
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In recently, GA is modified by a lot of researcher based on to the objective and 
application. Matthews (2001) tried to apply GA for multi-objective land-use planning.  
Eussuf and Lansey (2003) applied Shuffled Frog Leaping Algorithm (SFLA) to 
determine optimal discrete pipe size for new pipe and expansion networks. SFLA is a 
memetic meta-heuristic that designed for solving discrete optimization problem. The 
application of this algorithm investigated three networks such as: Alperovits and Shamir 
Network, Hanoi Network and New York City Network, and then compared with the 
previous study. Chung (2007) also applied SFLA for presenting a flexible design 
method to design pipe size. Prasad and Park (2004) presented a multi-objective genetic 
algorithm approach to the design of a water distribution network. The objectives 
considered are minimization of the network cost and maximization of a reliability 
measure. The reliability measure of this paper is called network resilience, which is a 
measure of both the nodal surplus power and the uniformity in diameters connected to 
that node. This concept was applied in Two-loop Network and Hanoi Network to verify 
effectiveness of this model. The GA parameters used for Two-loop Network run were 
population size = 100; probability of crossover = 1.0; probability of mutation = 0.05; 
and number of generations = 1,000. For the Hanoi network, the GA parameters used 
were population size = 200; probability of crossover = 1.0; probability of mutation = 
0.01; and number of generations = 10,000. The result indicates that increase in the value 
of network resilience improves the reliability of a network under failure conditions. 
Raad (2011) Analyzed and compared numerous modern meta-heuristics including 
several multi-objective evolutionary algorithms and estimation of distribution algorithm. 
Reliability measure such as: Resilience Index, the Network Resilience, Flow Entropy, 
and the Mixed Surrogate used to determine which one produces the most robust designs 
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in terms of probabilistic reliability and the ability to respond gracefully to pipe failures. 
Finally, AMALGAMSndp Algorithm was applied by this study for assigning diameter 
pipe of real South African WDS in Gauteng Province. Bureerat and Sriwormas (2013) 
introduced an optimization process to the conceptual design stage of water distribution 
network. Multi-objective evolutionary algorithms (MOEAs) also presented for 
simultaneous topology and sizing design of piping networks. The design variables are 
topological and sizing of the network, and the objective functions are network cost and 
total head loss in pipes. To overcome difficulties in operating MOEAs for network 
topological design, this study proposed network repairing technique (NRT). The process 
of NRT consists of two main stages: the first stage is used to repair nodes that have no 
links or isolated nodes while the second stage is used to repair disconnected pipe groups. 
Then a number of MOEAs established and developed to tackle the design problems of 
NRT, namely multiobjective real code population-based incremental learning (RPBIL) 
and a hybrid algorithm of RPBIL with differential evolution (termed RPBIL–DE). The 
optimum results obtained of two MOEAs are illustrated and compared and was shown 
that the proposed RPBIL–DE is among the best MOEA performers. Cunha and Ribeiro 
(2004) proposed a tabu search algorithm to find the least-cost design of looped water 
distribution networks. It is based on the human memory process or exploration of the 
neighborhood of the current situation. This method was applied in Alperovits and 
Shamir, Hanoi, New York and two more cases network added, and then the result 
compared with the previous study. Babayan et al. (2005) presented a new approach to 
quantifying the influence of demand uncertainty on nodal heads. In this paper the 
standard deviation applied to measure of the variability of nodal pressure heads caused 
by uncertainty in demands, it is effective to quantify the influence of the uncertainty on 
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the robustness of the water distribution system design. The result of this model is then 
coupled to a GA to provide a method of obtaining robust and economic solutions for 
water distribution system design. Tsegaya (2013) and Huang (2011) also presented a 
flexible design method to respond uncertainties in water distribution system, especially 
spatial and temporal variation of future demand. These studies applied GA for flexible 
design of WDN. Keedwell and Khu (2005) presented a novel method of algorithm, it 
said as CANDA-GA, which uses a heuristic-based, local representative cellular 
automata approach to provide a good initial population for genetic algorithm runs. Kadu 
et al. (2008) optimized water distribution network using modified GA. It proposes how 
to reduce space of diameter option using Critical Part Method. First, network is 
converted from looped network to a tree network using path concept and classify link as 
primary or secondary link. In this concept a node is connected to only one upstream 
node by a primary link. It will select the shortest route of the link as primary link i.e., 
the path that has the steepest available feasible friction slope. Primary link has five 
commercially available discrete diameters to be selected as candidate diameters. One of 
them is close to the continuous size as obtained earlier by considering the discharge and 
head losses; two are the next smaller sizes; and two are the next larger sizes. While 
secondary links also has five diameters, three is equal with the minimum specified 
diameter, and two are the next larger sizes than the minimum diameter. The concept is 
effective to reduce space of diameter option. While Roshani (2013) proposed an 
algorithm for optimization of rehabilitation type and timing of water mains in water 
distribution network.       
This study proposes long-term design of rehabilitation and expansion of water 
distribution network in developing countries, starting from the identification of 
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problems in study area up to proposing concept and method. There are a lot of 
comparative studies are presented to clarify effectiveness of the method. The study is 
conducted in Kota Makassar, capital of South Sulawesi Province in the eastern part of 
the Republic of Indonesia. It is a developing area in a developing country with water 
demand increasing rapidly, low water pressure and weak financial capability of water 
authority. The forecasting water demand has looked into various aspects of demography, 
spatial economic development plans, and general trends of residential and 
non-residential (commerce, institution and industry) customers and their water 
consumption in each zone and user customer category. Distribution zones are classified 
into several groups (clusters) according to their demographic and economic features 
reflecting development concept and strategy set up in the city master plan. Historical 
records of water consumption by residential and non-residential customers are used to 
analyze consumption patterns by user categories and zones. A new concept for 
rehabilitation and expansion of the water distribution network is proposed to meet 
increased water demand and to ensure cost-effectiveness and adequate water pressure. 
The pipe network is formulated based on the concept of a ″Trunk/limb Mains 
Reinforced pipe system″ (TMR system). The emphasis of concept is on selective 
reinforcement of trunk/limb mains in the network, requiring proper selection of 
pipelines and of trunk/limb pipe diameters. A GA was developed to achieve the 
objective of this concept. GA in this paper is developed to determine not only the most 
effective pipe diameter but also proper selection of pipeline mains. In other words, GA 
will select the pipeline and size of proper mains that to be rehabilitated and discard the 
others for ensuring the cost-effectiveness and adequate water pressure at each node. 
After selection of diameter and pipeline main, this study would reveal how to select the 
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proper combination of diameter and material pipe and upgrade pipeline that accounts 
budget constraints in each project period. Meeting these objectives, this study applied 
multi-step of Life Cycle Cost Analysis (LCCA), Integer Programing (IP) and GA. 
LCCA is to identify potential cost of a project alternative including those for initial pipe 
installation, civil work, replacement, and leak repair. IP model is introduced to select the 
most effective installation scenarios pipe considering pipe material and diameter as 
proposed by LCCA. While a new model of GA formulates for deciding the sequence of 
pipeline upgrading based on budget constraint. Furthermore, comparative previous 
study of WDN rehabilitation in developing country and GA application in design of 
WDN with the current study is summarized in the table below. 
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Table 1.1 Comparative study 
UTHORS 
PREVIOUS STUDY 
PRESENT STUDY 
Purpose Methodology 
Ukoli-Onodipe 
(2003) 
 
 
 
Mugabi (2007) 
 
 
 
 
Sargaonkar (2012) 
 
 
 
Vairavamoorthy 
(2008) 
 
 
 
Proposed a strategic planning 
framework to assist utilities in 
developing countries. 
 
 
Proposed a strategic planning 
framework to assist utilities in 
developing countries. 
 
 
Proposed a strategic planning 
framework to assist utilities in 
developing countries. 
  
Design guideline and control of 
intermittent water distribution 
network systems for improving 
the equity of the water supply in 
developing countries.  
Presented a study for various 
improvements of water utility in 
low-income country using the 
contingent valuation method . 
 
Design assessment for planning 
and rehabilitation of water 
distribution network. 
 
 
SDSS analysis based on a GIS 
Spatial Decision Support System. 
 
 
To achieve the minimum cost 
design, this study provided an 
alternative design with pressure 
controlled by strategically placed 
valves.  
 
Presents a methodology of rehabilitation 
and expansion of WDN network using 
GA. The methodology develop to tackle 
the main issue of water authority in 
developing countries, namely how to 
optimize the distribution network and at 
the same times meet the increasing water 
demand. 
 
Rehabilitation and expansion of pipeline 
based on solution that proposed by GA. 
 
 
Design a method how to select the 
optimal pipeline and diameter of main 
pipes in the network for ensuring 
cost-effectiveness and adequate water 
pressure. 
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Yazdani et al. 
(2011) 
 
 
 
 
 
 
Explores network expansion 
strategies of water distribution 
network.  
 
 
To find the optimal expansion 
strategies, the study used to graph 
theory metric and measurement to 
capture quality of redundancy, 
optimal connectivity and 
structural robustness. 
 
 
Presents a methodology or concept of 
rehabilitation and expansion pipeline 
distribution network for ensuring 
cost-effectiveness and meeting water 
demand. GA is applied to meet the 
objective of the concept. 
 
Goldberg (1989), 
Simpson and 
Dandy (1994), 
Savic and Walters 
(1997), 
Castillo and 
Gonzales (1998), 
Gupta et al. (1999). 
 
 
 
 
 
Proposed a methodology for 
optimizing pipe networks.  
These studies applied GA for 
optimizing problem. They also 
investigated the operator GA and 
then compares the result with the 
other technique to clarify 
effectiveness solution that 
proposed by GA. The network 
cases of these studies are 
Alperovits and Shamir, Hanoi and 
New York Network, which are 
simple networks. The water 
demand is assumption is constant. 
 
GA is to develop not only for proper 
selection of diameter pipe but also proper 
selection of pipeline. The network study is 
more complicated consist of 43 nodes and 
77 pipes and water demand is assumed 
gradually increase in the future. To verify 
effectiveness solution proposed by GA 
then is performed cost and hydraulic 
analysis. 
 
 
Matthews (2001) 
 
Land-use planning. 
 
Explored the potential of applying 
GA to multi-objective land-use 
GA applies for designing pipe diameter 
and pipeline of WDN. 
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Eussuf and Lansey 
(2003) and Chung 
(2007) 
 
 
Prasad and Park 
(2004) 
 
 
 
Cunha and Ribeiro 
(2004) 
 
 
Babayan et al. 
(2005), Huang 
(2011) and Tsegaya 
(2013) 
 
Keedwell and Khu 
(2005) 
 
 
Determine optimal discrete pipe 
size. 
 
 
 
Minimization of the network 
cost and maximization of a 
reliability measure. 
 
 
Find the least-cost design of 
looped water distribution 
networks. 
 
Obtaining robust and economic 
solutions for water distribution 
network design. 
 
 
Provide a good initial population 
for genetic algorithm runs. 
 
planning. 
Applied Shuffled Frog Leaping 
Algorithm (SFLA) to determine 
size pipe. 
 
 
Presented a multi-objective 
genetic algorithm. 
 
 
 
Proposed a tabu search algorithm. 
 
 
 
Proposed GA to design flexible 
diameter pipe that considering 
variation of future water demand.  
 
 
Presented CANDA-GA 
 
 
 
Develop iteration model of HGA for 
proper selection of diameter and pipeline 
mains. 
 
 
HGA is developed for minimizing cost of 
pipeline design and meeting increasing 
water demand by proper selection 
diameter and pipeline. 
 
HGA model can be applied for looped or 
tree network. 
 
 
HGA is for proper selection diameter and 
pipeline for achieving cost-effectiveness 
and meeting future water demand. Water 
demand is assumed gradually increase in 
the future based on result of forecasting.   
Initial population is based on GA model. 
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Kadu  et al. 
(2008)  
 
 
Raad (2011) 
 
 
 
 
 
 
 
Bureerat and 
Sriwormas (2013) 
 
 
Roshani (2013) 
 
 
 
Proposes how to reduce space of 
diameter option in GA. 
 
 
Analyzing and comparing 
numerous modern 
meta-heuristics including several 
multi-objective evolutionary 
algorithms, and then select the 
best algorithm for design 
diameter pipe. 
 
Sizing design of piping 
networks. 
 
 
Optimization of rehabilitation 
type and timing of water mains 
in water distribution network.     
 
Applied Critical Part Method for 
reducing diameter options. 
 
 
AMALGAMSndp Algorithm is 
applied to assign diameter pipe of 
real South African WDN in 
Gauteng Province. 
 
 
 
 
Presented simultaneous multi 
objective evolutionary algorithms 
(MOEAs) and topology for 
meeting the objective. 
Proposed an algorithm for the 
objectives. 
Maximum diameter options of each pipe 
and step HGA is fixed four diameter 
candidates. 
 
GA is applied for proper selection 
diameter and pipeline.  
 
 
 
 
 
 
GA is developed not only for proper 
selection diameter pipe but also for proper 
selection pipeline. 
 
Optimal rehabilitation and expansion of 
water distribution network in study area is 
conducted by proper selection diameter 
and pipeline. GA is developed to meet the 
objective. 
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1.3 RESEARCH OBJECTIVE 
The main objective of this research is to develop a design method of 
replacement and expansion of water distribution network that can generate optimal 
WDN. The design method should be adaptable and flexible to meet increasing water 
demand and to ensure cost-effectiveness and adequate water pressure. By this result we 
also propose optimization models for selection more appropriate combination of pipe 
diameters and materials from the two standpoints of meeting future water demand 
increases and reducing life cycle costs. 
Achieving the main objective, the specific objectives of the research will also 
include in this paper as following in the stated below: 
- To provide a broad introduction to the problem of WDN and its impact for 
sustainability of human life in developing country. 
- To explain global water market. 
- To review existing water supply, and analyze problem of study area. 
- To forecast zonal and node water demand. 
- To formulate and implement a new concept for rehabilitation and expansion 
of WDN that is adaptable and flexible to meet increasing water demand and 
to ensure cost-effectiveness and adequate water pressure. 
- To introduce and develop a GA as one of solution in optimization of WDN. 
- To formulate a methodology of upgrading plan of pipe distribution network. 
- To introduce and implement LCCA and IP on upgrading plan of pipeline.     
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1.4 COMPOSITION OF RESEARCH 
This study is composed of six chapters. Chapter 1 briefly explains problem is 
being faced by water authority in developing countries. It also presents dissertation 
method and numerous studies that have been devoted to the design and rehabilitation 
method of pipe distribution networks. 
Chapter 2 reviews and analyzes global water market report to describe 
municipal water market from all over the world, and especially to look into detailed 
Indonesia’s water market structure and strategic drinking water management, comparing 
with others countries in East Asia Pacific Region. Judging from the report, we also try 
to provide information for decision-maker or water authority on establishing or 
improving water infrastructure, especially in Indonesia.  
Chapter 3 reviews existing water supply system in study area, and analyze 
major problems the currently encounters in water supply sector. A part of this chapter 
provides forecasting water demand. The demand forecast is carried out based on zone 
and customer category using customer and consumption data during December 
2006-2011. There are a lot of assumptions and approaches are addressed to facilitate 
forecasting zonal future water demand. Finally, the end of this chapter we estimate 
nodes demand of Somba Opu distribution network for future study.  
Chapter 4 deals proposing a method for rehabilitation and expansion of WDN 
in study area. This chapter mainly consists of three sections namely proposing concept 
for rehabilitation and expansion, applying GA for meeting the objective of the concept 
and verifying the effectiveness of the concept. The concept is named Trunk/Limb Mains 
Reinforcement Systems (TMR-Systems). While an iteration model of Hybrid Genetic 
Algorithm (HGA) is developed in this chapter to meet the objective of the concept. 
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HGA I is applied, considering rapid growth of the future water demand. HGA-IIa 
focuses on selection of trunk/limb mains pipelines. And HGA II-b is applied to select 
proper diameter pipe for interim plan years. At the end of this chapter, a cost analysis is 
performed to clarify effectiveness solution.  
Chapter 5 proposes a multi-step pipeline upgrade planning model that takes 
into account budget constraints in each project period. Here, LCCA, IP and HGA are 
developed to formulate the upgrading plan. LCCA is to identify potential cost of a 
project alternative including those for initial pipe installation, civil work, repair and 
demolition cost. IP is presented to facilitate combinatorial optimization problem as 
proposed by LCCA and HGA model is for deciding the sequence of pipeline upgrading 
that will maximize average water pressure inside the WDN. In addition, to clarify the 
effectiveness methods, this chapter also shows comparative two upgrading plan of 
pipeline. One is not accounting budget constraints and the other is accounting budget 
constraints during each period of the plan.  
Chapter 6 summarizes the main conclusions of each chapter and contribution of 
this research. 
Furthermore, dissertation method and interrelated chapter is summarized on the 
Figure 1.3. 
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Figure 1.3 Dissertation method and interrelated chapter 
Chapter 1 Introduction
Background Previous study
Chapter 4
Optimal Design of WDN
Pipeline and diameter 
solution
Chapter 5 Upgrading Plan of Water Distribution Network
Unaccounting budget 
constraint 
Accounting budget 
constraint
Chapter 6 Conclusions
Propose TMR Propose iteration model of HGA
Application
Clarify effectiveness 
of solution
LCCA
IP Model
HGA-III
Fixed diameter and pipeline 
based on demand escalation
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CHAPTER 2 
GLOBAL WATER MARKET 
 
2.1 INTRODUCTION 
Water markets data is a useful tool for understanding the informal water sector. 
It provides information to assist decision-makers in establishing or improving water 
infrastructure (Grafton and Horne, 2014). In recent years, a number of water market 
studies have mainly focused to identify water market structure and it’s affecting to the 
cost and economic developed. Howitt (1994) presented some empirical results to show 
direct benefits and costs of the water bank to the state and regional economic. At the 
same time, Crane (1994) carried out a study to inform the linkage water markets, market 
reforms and urban poverty in Jakarta-Indonesia. Ansink and Houba (2011) prepared a 
model market power in water markets to capture specific water market structure. 
Similarly Ansink and Houba, Wang (2012) presented a simulation of water markets 
model with transaction cost. It evaluated the potential of investment savings from 
introducing the trans-jurisdictional water market to achieve the water-saving targets of 
agricultural and industrial sectors. Contrary of the two previous studies, Carvalho et al. 
(2012) analyze scale and scope economies in the water sector using a meta-regression 
analysis.  
This chapter reviews and analyzes a report of global water market to describe 
municipal water market from all over the world, and especially to look into detailed 
Indonesia’s water market structure and strategic drinking water management, comparing 
with others countries in East Asia Pacific (EAP) region. The report is prepared by the 
research team at Global Water Intelligence (GWI). There are 50 countries was selected 
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for detailed profiles generally represent the most significant water markets in the world. 
The report focuses on the municipal and industrial water market, and it does not cover 
agricultural water sector and the packaged or bottled (GWI, 2011).  
 
2.2 WATER MARKET 
2.2.1 Capital expenditure and operation expenditure  
The water utilities market in the report is divided to capital expenditure 
(CAPEX) and operating expenditure (OPEX). CAPEX is anything invested to acquire 
or upgrade value of investment, while OPEX is cost that occurred on day today to 
operate the investment. Due to around 90% is provided by publicly owned water 
utilities, than CAPEX is the greater interest from a commercial point of water market 
view of the two (GWI, 2011). Drinking water CAPEX in 2010 will be applied to 
analyze the global water market strategy (Kaneda et al., 2013). CAPEX consists of 
water resources development, distribution network, network rehabilitation and water 
treatment plants. Reservoir, water towers, raw water mains, pumping station and 
whatever infrastructure is required to bring water from resources to plant are included 
on water resources development. Distribution network is maybe the most expensive, it 
mainly consists of civil engineering, pipes, valves, meter and the others pipe accessories. 
Pipe rehabilitation is required for repairing network due to deterioration or leakage. 
While water treatment plant (WTP) is related to the treatment processes from raw water 
to clean or drinking water. Population growth, income growth, regulation and scarcity 
are drivers of CAPEX in the water utility sector (GWI, 2011). Figure 2.1 analyzes 
correlation of water market with population and gross domestic product at purchasing 
power parity (GDP at PPP). The colour illustrates group of country based on the market 
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size. The X and Y-axis are median of GDP at PPP and population in respectively. Both 
of axes are represented in logarithmic. However, judging from this figure, there are 
some countries lack of water market investment if compared with their population 
number and GDP. Indonesia is one of the countries, the Cartesian Diagram shows that 
this country is in Quadrant 1. This quadrant generally contains large water market 
country. By the large population and GDP, it should have been in large water market 
category but the market size is the smallest category. Thus water market in this country 
is expected to expand in the future in accordance with growth economic and population.  
 
 
18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Belarus
Argentina
Kazakhstan
Croatia
Hungary
Nigeria
Singapore
Sweden
Romania
Tunisia
Peru
New Zealand
Austria
Malaysia
Morocco
Czech Rep.
Thailand
Indonesia
Taiwan
Netherlands
Russian Fed.
Belgium
Switzerland
Colombia
Egypt Iran
Mexico
Chile
Kuwait
Canada
Israel
Spain
Brazil
Italy
UAE
Qatar
Turkey
Poland
India
Korea, Rep.South Africa
Germany
United Kingdom
Algeria
Saudi Arabia
France
Australia
Japan
United States
China
0	
1	
10	
100	
1,000	
10,000	
10 100 1,000 10,000 100,000
 
Drinking water market (US$, million) 
(0 – 499) 
(500 – 1599) 
(1600 – 4000) 
(> 4000) 
GDP at PPP (US$, billion) 
Quadrant I Quadrant II 
Quadrant III Quadrant IV 
X 
Y 
Figure 2.1 Correlation of drinking water market with population and GDP 
 
28 
Population (
billion)
 
 2.2.2 Global water market
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Global water markets in 2010
Figure 2.2 expresses global water market in 2010 (GWI, 2011). The figure 
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water network of drinking water sector reached 18.8% and 13% in respectively. To 
generate description of strategic drinking water market management in the world, then 
the next section selects 50 countries for detailed profile of their drinking water market 
CAPEX. These countries generally represent the most significant water markets in the 
world. 
2.2.2.1 Top ten global water markets 
Figure 2.3 shows the top ten countries at water market in 2010. The 
graph divides drinking water market CAPEX to the two categories, namely, 
water resources development and water distribution network. Water resources 
development consists of sea water and desalination, water resources and water 
treatment plant, while rehabilitation and new water network are included in 
water distribution network. China and United Stated of America with the most 
and third populated country were the first and second largest water market in 
the world. Japan with population number reached 126 million or the tenth of 
the world was the third largest country in water market investment. Algeria and 
South Africa represent the largest water market in developing countries. The 
total market of the tenth countries was $57,213 million or approximately 63% 
of the total drinking water CAPEX. The strategic drinking water market 
management of China, USA, Japan, United Kingdom (UK) and Germany 
seemed like putting effort to upgrade the their network by rehabilitation of 
distribution network. South Africa concentrated in investment of new water 
network. Australia and Saudi Arabia emphasized investment in water resources 
development, particularly in sea water and desalination sector. France and 
Algeria invested more much money in water resources sector.      
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Figure 2.3 Top 10 countries at water market 
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Figure 2.4 Water market in America and Caribbean region 
Water market in America and Caribbean region without USA is shown 
on Figure 2.4. The figure clarifies Canada, Brazil and Mexico seek to expand 
their water distribution network, while Argentina focused on the rehabilitation 
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development. Water treatment plant sector was the largest investment in 
Columbia. In other hand, exploitation of sea water and desalination for meeting 
water demand was strategic drinking water management of Chile and Peru. 
2.2.2.3 Europe drinking water market 
Figure 2.5 shows investment in water drinking sector in Europe 
without France, Germany and UK. There are 15 countries presented to provide 
an overview in strategic drinking water management in this region. Drinking 
water investment in Austria, Belgium, Sweden and Czech Republic dominated 
by rehabilitation of the distribution network, while Netherlands, Switzerland 
and Belarus by expansion of new distribution system. The others countries put 
more attention in investment of water resources development, such as; Italy, 
Spain, Croatia, Romania, Kazakhstan and Russian federation, which are more 
likely to invest in water resources sector, and Poland and Hungary in water 
treatment plants sector. 
 
 
 
 
 
 
 
 
 
Figure 2.5 Water market in Europe 
0
200
400
600
800
1,000
1,200
1,400
1,600
(U
S$
,m
illi
on
s)
 
Sea water & desalination
Water resources
Water treatment plants
New water network
Water network rehabilitation
Water resources development 
Water distribution network 
 
33 
 
2.2.2.4 Asia, Pacific and Africa drinking water market 
Water market investment in Asia, Pacific and Africa without China, 
Japan, Australia, Algeria, and South Africa in 2010 is summarized in the Figure 
2.6. The figure expresses that water market investment in the middle and south 
Asia that consists of Israel, Kuwait, United Arab Emirate (UAE) and India is 
dominated by water resources development, namely in sea water and 
desalination sector, while Iran, Qatar and Turkey were in water resources sector. 
Strategic drinking water management in EAP region, which are represented by 
Indonesia, Malaysia, New Zealand, Republic of Korea, Singapore, Taiwan and 
Thailand were put more attention investment in water resources development, 
with exception of Indonesia, New Zealand and Thailand. Furthermore, water 
market detailed of this region will be analyzed in the next section. 
Development of water distribution network was strategic water management in 
Egypt. The others African countries such as; Morocco and Nigeria concentrated 
in water resources sector. Huge investment in sea water and desalination sector 
was strategic water drinking management in Tunisia.   
 
 
 
 
 
 
 
Figure 2.6 Water market in Asia, Pacific and Africa 
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2.2.3 Drinking water market trends 
 Forecasting global water market of each sector is shown on Figure 2.7 (GWI, 
2011). The figure indicates that water network rehabilitation dominated market during 
2007-2010, and it will grow constantly over the future six years, with growth rates over 
3% per annum. The high market of network rehabilitation is caused by the global 
market dominated by developed countries such as: United States of America (USA), 
Japan, China, Germany and France which are tend to rehabilitate their distribution 
network. At the same time, water resources and treatment plants were around 30% and 
20% of total water market in respectively and also will grow constantly in the future. 
Thus the total market is expected to be increased during 2010-2016, with growth rates 
around 7.4% per annum. While regional drinking water market will develop overs the 
years as shown on Figure 2.8 (GWI, 2011). Water infrastructure was estimated $90 
billion in 2010, and expected rising to $131 billion by 2016. 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 Breakdown of the global water infrastructure market 
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Figure 2.8 Forecast drinking water market 
2.2.4 Overview of drinking water market in East Asia Pacific 
Figure 2.8 indicates that the global water market is dominated by EAP region 
and is expected to increase over the years. Total population of this region was 2,1 billion 
or around 32% of the world population. The large population number of this region 
requires substantial cost in building and maintaining of water infrastructure. Water 
market will be dominated by Japan, China, South Korea and Australia over 2016, while 
developing countries in this region will give significant impact on the water market 
trends according to improvement of their economic and increasing population. Figure 
2.9 summarized economic feature and water service in this region. Briefly, the figure 
explains that there is a significant difference of the countries in this region both of 
economic feature and water service coverage.   
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Figure 2.9 Water service coverage and GDP at PPP of EAP region
 
 
 
 
 
 
 
 
 
 
Figure 2.10 Pipe management strategies in EAP region
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resources development (Bakri et al., 2014). The figure summarizes that strategic pipe 
management in this region appears to consist mainly of efforts to rehabilitate the water 
distribution network, with the exception of Indonesia, Thailand and New Zealand. 
However, based on the Figure 2.9 and 2.10 then strategic pipe management of this 
region could be categorized to be three groups as following: 
- Group 1. Countries which are tend to expand the new water distribution 
network. Thailand, New Zealand and Indonesia included in this group. 
- Group 2. Countries which are put pay more attention to rehabilitate of their 
water distribution network due to water service has covered the entire 
population. This group is dominated by developed countries such as; 
Australia, Japan, China, Hong Kong, Republic of Korea, Singapore, Taiwan 
and Malaysia. 
- Group 3. Cambodia, Fiji, Laos PDR, Mongolia, Myanmar, Papua New 
Guinea, Philippine, Timor-Leste and Vietnam included in this group. They are 
developing countries that seem like putting effort to rehabilitate their water 
distribution network even though most of their population have not been 
covered by water service. It is caused by limited fund of these countries for 
expansion of water distribution network.    
 
2.3 COMPARATIVE WATER MARKET  
2.3.1 Indonesia 
Indonesia is the second populated country in EAP after China. Its population in 
2010 was estimated 237 million, with an annual growth rate is 1.2%. It is also one of 
large economy country in this region, with per capita GDP in 2008 is $3,980, or GDP 
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growth reached 6.06%. Indonesian islands have high geographical variability in rainfall 
due to the area is crossed by the equator. The ranging from 800-4,000 mm/year, with the 
average rainfall is above 2000 mm. Around 80% of rain falls is in raining season 
(October to March), remaining in dry season (April to October) (GWI, 2011), thus water 
is abundant in raining season, otherwise scarcity in dry season. However if we compare 
the total water resources with annual withdrawal in 2010, the country is excess water 
resources. Water withdrawal for agricultural, industry and municipal is only around 3 
percent of the total water resources. The agricultural sector dominates water use, 
accounting for 91 percent, while municipal and industrial sector area around 8 and 1 
percent of the total annual withdrawal in respectively.  
In water supply sector, according to the World Bank, over 40 million people 
lack access to an improved water resources, and needs to add 2 million new piped water 
connections annually in order to achieve the Millennium Development Goals (MDGs) 
for water access. Figure 2.11 also shows percentage of population with improved water 
resources and access to piped water supply. 
 
 
 
 
 
 
 
 
Figure 2.11 Population to improved water resources and water supply coverage 
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As indicated of the figure, percentage of population with water service access 
grew constantly over the period 1990-2010, with growth rates over 2.2 percent per 
annum, and it will be steadily increased in the future according to the continuous 
economic and population growth. 
2.3.2 Comparative with developed EAP countries 
This section analyzes comparative water market between Indonesia with 
developed countries in EAP region that represented by Japan, Australia and Korea 
Republic. It also discusses and forecast drinking water management strategy of these 
countries. Table 2.1 shows general data statistics of these countries. Although 
Indonesia’s GDP is slightly lower than Japan, Australia and Korea Republic but large 
population number with grow rate 1.2% per annum and increasing percentage of GDP 
grow rate on year indicates that Indonesia is a favorable market country for water sector 
in the world. It is also supported by the abundance water resources that have not been 
fully exploited for municipal and industry sector.  
Table 2.1 Statistics data of Indonesia, Japan, Australia and Korea Republic 
No Remarks Indonesia Japan Australia Korea Rep. 
1 Population (million) 236.27 127.78 21.14 48.51 
2 Grow rate population (%) 1.2 -0.02 1.04 0.34 
3 GDP Grow rate (%) 6.06 -0.71 2.35 2.22 
4 Total water resources (km3/year) 2838 430.74 492 69.7 
5 Sectoral water withdrawal           
     Agriculture (km3/year) 75.6 (91%) 55.23 (62%) 12.19 (63%) 16.2 (56%) 
     Industrial (km3/year) 0.56 (1%) 15.8 (18%) 2.38 (12%) 4 (14%) 
     Municipal (km3/year) 6.62 (8%) 17.4 (20%) 4.91 (25%) 8.8 (30%) 
     Total (km3/year) 82.78 88.43 19.48 29 
6 Population service (million) 54.34 122.67 20.5058 45.1143 
7 Water tariff (USD/m3) 0.75(Jakarta) 1.96(Tokyo) 4.26(Sydney) 1.4 (Seoul) 
8 Uncounted water (%) 36.9 10.3 18 18 
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In addition, the Indonesia’s government tries to promote private sector involvement on 
investment and management of water and sanitation through public private partnership 
project (Wibowo and Mohamed, 2010;). 
Figure 2.12 expresses comparative of total CAPEX and OPEX of these 
countries as well as their forecast up to 2016. Even though Japan is the largest 
investment in water market of the four countries, but Australia is the highest increasing 
water market investment both of CAPEX and OPEX. During 2007-2010 period, 
increasing investment in CAPEX reached 59% per annum, it is much higher than 
Indonesia and Korea that only reached 6.8 and 8% in respectively. While investment in 
Japan declined during this period by 3.4%. At the same period, increase of Australia’s 
investment in OPEX sector was estimated about 4.8% per annum. Indonesia, Korea 
Republic and Japan only reached 2.7, 0.7 and 0.1% in respectively. Figure 2.11 also 
describes that there is a difference of water market strategy between Indonesia with of 
the three developed countries.  
 
 
 
 
 
 
 
 
 
Figure 2.12 CAPEX and OPEX of Indonesia, Japan, Australia and Korea Rep. 
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Indonesia’s CAPEX is expected to be higher than OPEX, it indicates that this country 
tends to upgrade value of investment in this sector through expansion or rehabilitation 
of water distribution network. While in Japan, Australia and Korea Republic is more 
concentrated in operation of existing investment. In other word, cost for their 
operational is higher than capital investment. Lack of water service coverage in 
Indonesia (31%) is also one of causes the higher of CAPEX than OPEX. Contrary with 
of the three countries, average of their water service coverage reached around 95%. 
2.3.3 Comparative with developing EAP countries 
Table 2.2 summarizes overview of water supply in developing countries in 
EAP region. It is represented by Indonesia, Thailand, Philippines and Vietnam. These 
countries also represent the largest water market country in developing countries of this 
region.  
Table 2.2 Statistic data of Indonesia, Thailand Philippines and Vietnam 
 
 
No Remarks Indonesia Thailand Philippines Vietnam 
1 Population (million) 236.27 64.3 89.4 88.4 
2 Grow rate (%) 1.2 0.7 2 1.4 
3 GDP Grow rate (%) 6.06 4.63 4.2 6.3 
4 Total water resources (km3/year) 2838 409.9 479 891.2 
5 Sectoral water withdrawal         
     Agriculture (km3/year) 75.6 (91%) 55.73 (90%) - - 
     Industrial (km3/year) 0.56 (1%) 2.8 (5%) - - 
     Municipal (km3/year) 6.62 (8%) 2.9 (5%) - - 
     Total (km3/year) 82.78 61.4 28.5 71.4 
6 Population service (million) 54.34 52.73 47.382 19.448 
7 Water tariff (USD/m3) 0.75(Jakarta) 0.26(Bangkok) 0.42 (Manila) 0.16 (Hanoi) 
8 Uncounted water (%) 36.9 28 55.3 32.7 
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However, both of in developed and developing countries, Indonesia is the most 
abundant water resources. Unfortunately, it has not been exploited fully for meeting 
water demand. Indonesia is still left in water service coverage of the others developing 
countries in this region such as: Thailand and Philippines. In order to meeting water 
demand and achieving MDG’s goal, Indonesia's government tries to increase investment 
value on year as shown on Figure 2.13 below. Investment of Indonesia’s CAPEX In 
2010 estimated USD 374 million, while Philippines, Thailand and Vietnam reached 
USD 175, 320 and 60 million in respectively. At the same times, investment’s OPEX of 
Indonesia is the highest of the four countries, namely USD 381 million. It is much 
higher than Philippine and Vietnam which are only reached USD 175 and 60 million in 
respectively. As well as Figure 2.12, Figure 2.13 also indicates that investment's 
CAPEX in developing countries tend to be higher than OPEX.  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 CAPEX and OPEX of Indonesia, Thailand, Philippines and Vietnam 
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From Table 2.2 and 2.3 we can conclude that the high rate of water losses and 
low water tariff are crucial issues faced by water authority in developing countries and 
cause the poor performance and income of the water authority. For example Indonesia is 
the most expensive water tariff in developing countries and Korea Republic represents 
the cheapest water tariff in developed countries. Water tariff comparative of these 
countries shows that Korea Republic is more expensive than Indonesia, almost double 
in percentage. In many cases, water authorities do not have sufficient budget for 
operation and maintenance or establishing new investment of water facilities. 
Customers are suffering from water supply system due to the poor maintenance of water 
distribution network as well as a limited production capacity resulting from the delayed 
system development. Consequently, when water authority is willing to increase the tariff 
then customer will resistance to tariff rises and put forward claim for unsatisfactory 
services. Furthermore, influence of tariff to performance of water authority is 
summarized in Figure 2.14 (GWI, 2011).       
 
 
 
 
 
 
 
 
 
Figure 2.14 Influence of low tariff to performance of water authority 
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2.4 CONCLUSIONS 
Urbanizations, scarcity and income growth are driving the increased demands 
on the water sector. Water utilities need to invest more cost for infrastructure and 
technology to meet the demand. Water markets data is a useful tool for understanding 
the informal water sector. It provides information to assist decision-makers in 
establishing or improving water infrastructure. Global water markets expected to be 
increased over 2016. It is dominated by utilities category that consists of drinking water 
and wastewater sector. Investment of drinking water sector is expected to be dominated 
by developed countries such as: United States of America (USA), Japan, China, 
Germany and France etc., which are tend to rehabilitate their water distribution network. 
Drinking water management of countries in America and Caribbean region are mainly 
to develop their water distribution networks, it is contrary with countries in Europe that 
tend to rehabilitate existing their water distribution network. While in Asia, Pacific and 
Africa, there a lot of countries seem like putting effort to expansion their water network, 
and the others concentrated to rehabilitate distribution network. The strategic drink 
water management of each country is based on the political and economic conditions 
they face. 
East Asia Pacific region with the largest population requires substantial cost in 
building and maintaining of their water infrastructure. Water market in this region will 
be dominated by Japan, China, South Korea and Australia over 2016. Their water 
market data indicates that developing countries investment in OPEX sector is higher 
than CAPEX. Contrary in developing country, investment in water market expected to 
be dominated by CAPEX. In other hand, low tariff and the high water loss are factors 
that influence the poor performance of water authority in developing countries. Low 
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water tariffs impacts to poor maintenance and decreases performance of utility. 
Consequently the water authority is not being able to do maintenance and investment, 
then the public will resistance to tariff rises and put forward claim for unsatisfactory 
services.   
Indonesia is one of favorable water market country in the future due to growth 
economic and population. It is also supported by the abundant water resources. Access 
to a piped water supply is only reached approximately 31% of the total population in 
2010. This country should be pay more attention on expansion and rehabilitation of 
water distribution network for meeting water demand and achieving World Bank target 
in drinking water sector. In order to achieve this pace then the government promotes 
private sector. This program provides the greatest chance for private sector to participate 
and involve on investment and management of water and sanitation. 
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CHAPTER 3 
STUDY AREA 
 
3.1 EXISTING WATER SUPPLY SYSTEM 
3.1.1 Introduction 
This study is conducted in Kota Makassar, capital of South Sulawesi Province 
in the eastern part of the Republic of Indonesia. From 1971 to 1999, the city was named 
Ujung Pandang. The area is developing rapidly as a centre of administration, industry, 
commerce and education in East Indonesia. The city’s area is 175.77 km2 and had 
population of around 1.33 million at the 2010 census, the population is increasing 
rapidly with an annual growth rate, 2.2% (2004-2010), much higher than a national 
average growth rate, 1.6% of Indonesia (BPS-Statistic Indonesia, 2000-2010). The 
Government of Indonesia is focusing on development of East Indonesia as outlined in 
the National Medium Term Development Plan. As well as population, infrastructural is 
also developing rapidly. Many facilities such as airport, seaport, highway, hotels, and 
industrial for the area are being developed and upgraded of this city is development. 
Inclusive of water and sanitation, could hardly catch up with this rapid pace in the area. 
Many people, particularly in the north and west parts of the city, suffer from chronic 
water shortage and low water pressure (0-0.5kg/cm2). They tend to have suction pumps 
on their premises to supplement the pressure. The water supply system in this area is 
serviced by Perusahaan Daerah Air Minum Makassar (PDAM Makassar) or city-owned 
waterworks. It is one of twelve drinking water companies classified into a large group in 
Indonesia, which has over 100,000 customers. In 2010, total customer of PDAM 
Makassar reached 150,791 customers (PDAM, 2012). 
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Figure 3.2 Population of Makassar City
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water treatment plants (WTP). Panaikang WTP with a capacity of 1,100 l/s and Somba 
Opu WTP reach 3,000 l/s are major two, supplying water to north and south parts of the 
city respectively. The remaining three are relatively small in water production; they are 
Ratulangi (50 l/s) located at city center, Antang (85 l/s) in east residential area and 
Maccini Sombala (150 l/s). Existing distribution mains cover almost all administrative 
area of Kota Makassar. The whole service area is distributed by pumping from each 
WTP, except for a low lying area of north-western part where supplied by gravity. 
Table 3.1 summarizes total of main pipe length base on diameter and material pipe. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Zone distribution system of PDAM Makassar 
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Table 3.1 Main pipe length base on diameter and material pipe 
Diameter 
Material Pipe 
Total 
SP DCIP CIP PVC GIP ACP 
50 mm    1,027,189 24,128  1,051,317 
75 mm 6   746,326 30,191  776,523 
100 mm 11 15,185 16,200 486,418 15,764  533,578 
125 mm   6,049    6,049 
150 mm 93 8,486 11,155 342,651 5,557 2,850 370,792 
200 mm 48 18,305 8,865 85,475 39 480 113,212 
250 mm 38 4,996 4,875 31,438 16  41,363 
300 mm 97 11,148 3,985 36,634   51,864 
350 mm 2,908 1,740 765 7,683  9,790 22,886 
375 mm   3,675    3,675 
400 mm 15,753 11,345 2,050 4,704  14,450 48,302 
450 mm   715    715 
500 mm 564 895  1,424   2,883 
600 mm 113   4,447   4,560 
700 mm  4,030     4,030 
900 mm  1,137     1,137 
1,000 mm  5,923     5,923 
1,100 mm  5,000     5,000 
Total 19,631 88,190 58,334 2,774,389 75,695 27,570 3,043,809 
Remarks: 
*SP is steel pipe 
*DCIP is ductile iron pipe 
*CIP is concrete iron pipe 
*PVC is polyvinyl chloride  
*GIP is galvanic iron pipe 
*ACP is asbestos cement pipe 
Figure 3.4 shows that service mains (250 mm or less in diameter) are 2,892 km 
in length, accounting for 95% of the total pipe length, 3,043 km, while trunk/limb mains 
(300 mm or more) are 151 km, or 5%. Pipe materials typically installed in Makassar, as 
indicated in Table 3.2, are mostly of PVC, accounting for over 90% out of the total. 
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DCIP (3%) and GIP (2%) then follow. In the city center, old and deteriorated cast iron 
pipes (CIP) laid in 1920s have been left without repair. These pipes extend to a length of 
58 km or 0.2% of the total. Furthermore, hazardous asbestos cement pipes (ACP) with a 
length of 28 km laid in 1980s are still in service despite frequent bursts (Bakri et al., 
2012a). Figure 3.5 “Comparison of distribution mains by diameter” indicates that Kota 
Makassar has a longer length of 50 mm service mains than those of waterworks in Japan, 
almost double in percentage. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Distribution Mains by Diameter in Makassar 
Table 3.2 Pipe Length in Kota Makassar (Unit: m) 
SP DCIP CIP PVC GIP ACP Total 
19,631 88,190 58,334 2,774,389 75,695 27,570 3,043,809 
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Figure 3.5 Comparison of distribution mains diameter in Makassar and Japan 
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center. Their outer pipe walls are heavily corroded by aggressive soils. 
Furthermore, cross-sectional area of the pipes has reduced almost half due to 
encrustation thickly developed inside. Many leaks are found at pipe joints, 
flanges, bends and fittings.  
3.1.3.3 Low water pressure 
 Water pressure particularly in the north and central parts of the city is in a 
low level, 0-0.5 kg/cm2, due mainly to the NRW and the inadequate alignment of 
distribution pipelines. Majority of customers (including large factories and 
commercial centers) tends to have suction pumps on their premises to 
supplement the pressure. This makes situation worse. Unsanitary sewage and 
wastes discharged into city drains may be possibly entering into water mains 
installed in the ditch. This may further cause contamination of the piped water, 
raising risk of endangering public health.  
3.1.3.4 Restricted activities for firefighting and pipe accessories  
 It is said that around 400 fire hydrants were installed at every 200 m of 
the main roads in 1920s. Due to an absence of adequate maintenance, most of 
these hydrants are missing and no longer usable. Once fire occurs, fire engines 
rush to and fro between Ratulangi WTP and fire site. The lack of fire hydrants 
and the burdensome firefighting has been a long pending issue of Kota Makassar 
since 1970s, posing threats to human life and social security. With regard to 
valves, wash-outs, hydrants, meters and flow controllers installed to control 
water flow, they are rarely found in the pipe network. Most of such devices and 
accessories, even if they exist, are not working any more due to heavy corrosion 
and a lack of maintenance.   
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3.1.3.5 Road expansion 
 Main road expansion in the city center that connects its adjacent cities 
and an airport had been implemented in 1990s. Along with this expansion, many 
water mains buried underground, however, had not been shifted to proper place. 
Pipes installed under pavement of the main roads, accordingly, had become 
hardly accessible. Thus NRW control and reduction is getting more difficult task 
than ever before. 
3.1.3.6 Newly installed PVC pipes 
 In the newly developing area, the PDAM has been used to install mainly 
PVC pipes. They have been laid in a shallow depth (50-80 cm) under sidewalks 
as service mains. It is considered adequate to install PVC pipes, so far as they 
are installed under unpaved sidewalks, generally free from heavy load. As the 
pipelines recently installed are relatively small, i.e., 100-150 mm of PVC pipes, 
customers at the fringe area may be restricted from continuous water supply. 
3.1.3.7 Weak financial capability 
 Due to a financially weak standing with long-term debts, the PDAM is 
not capable to allocate sufficient amount of funds for the pipe rehabilitation and 
NRW reduction.  
 
3.2 FORECASTING WATER DEMAND 
3.2.1 Introduction 
This section is prepared to provide an overview of zonal future water 
consumption in the study area. Future water demand is one of key parameters to verify 
effectiveness and flexibility of the pipe network. This study has looked into various 
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aspects of demography, spatial economic development plans, and general trends of 
residential and non-residential (commerce, institution and industry) customers and their 
water consumption in each zone.  
Due to the unavailability of zonal population data of PDAM Makassar, then the 
forecasting water demand in this study utilized customers number and theirs 
consumption data during December 2006-2011 (Bakri et al., 2012b). To obtain future 
water demand by zone and user category, population and service population in each 
zone are forecast up to the year 2090, distribution zones are classified into several 
groups (clusters) (Koo, 2005) according to their demographic and economic features 
reflecting development concept and strategy set up in the city master plan (Koizumi, 
1982). Historical records of water consumption by residential and non-residential 
customers are used to analyze consumption patterns by user categories and zones. 
There are a lot of assumptions and approaches are addressed to facilitate forecasting 
zonal future water demand. Moreover, regression analysis is presented to facilitate 
forecasting customer numbers and cluster analysis used to classify zonal consumption 
rate. 
Finally, the end of this section we estimate nodes demand of Somba Opu 
Distribution Network for future study in the next chapter. For instance, methodology of 
forecasting water demand is shown in Figure 3.6. 
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Figure 3.6 Methodology of forecasting water demand 
3.2.2 Forecasting customer number 
Water consumption in an area is determined by domestic consumption or 
residential and non-domestic such as industry, office, hotel, military, worship house, etc. 
According to the PDAM Makassar, customer category in this area is divided to four 
customer categories, namely residential, commerce, institution and industry category. 
Residential is related to the number of house connections, while commerce category is 
customers that have activity on the purchase and sale of goods and services such as 
shopping malls, restaurants, hotels, cafes, etc. Institution category is a 
government-owned facilities for public services such as school, hospital, university, 
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military, office, and private facilities is intended for social interests such as houses of 
worship, hospital, school and university. While a customer processes or provides a 
product is categorized as industry customer category both of large or small industry. 
Table 3.3 shows total customer number and increasing rate per year of PDAM Makassar 
in December 2006-2011 (PDAM, 2012).  
  To forecast customer number at each zone, this study applied regression 
analysis. It is a statistical process for estimating the relationships between a dependent 
variable and one or more independent variables (Koegest et al., 2008). Many techniques 
have been developed to carry out the regression analysis. This study applied linear 
regression. The linear regression attempts to model the relationship between a scalar 
dependent variable y and one or more explanatory variables denoted by fitting a linear 
equation to observed data (Pulido-Calvo et al., 2007). Equation 3.1 expresses simple 
example of linear regression. 
.....(3.1)Y a bX= +  
Where Y is the dependent variable, X is the dependent variable, b is the slope of the line, 
and a is the intercept. In this study, Y is result of forecasting customer number, while X 
is time for forecasting (year).  
Table 3.3 Total customer number of PDAM Makassar 
No Year Customer number Increasing rate (%) 
1 2006 130,412  
2 2007 134,897 3.4 
3 2008 140,339 4.0 
4 2009 146,565 4.4 
5 2010 150,791 2.9 
6 2011 154,297 2.3 
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To facilitate forecasting zonal future water demand by zonal customer category, 
a lot of assumptions and approaches are addressed. Methodology for forecasting 
customer number is followed in the step below:  
- Maximum increasing rate of customer number for all customer categories is 
2% in 2030, 1.5 % in 2050 and 1% in 2070 and 2090. 
- Forecast customer number of each zone from 2030 to 2090 by regression 
linear using customer data from 2006-2011. In case of institution category, 
a lot of zones decrease customer number, thus the customer numbers of 
these zones are assumed that will be constant in the future and equal to 
customer number in 2011. For industry category, forecasting customer 
number is only addressed for industry zone namely zone 24, 30, and 37, 
while the others zones are assumed to be constant in the future and equal to 
customer number in the 2011. 
- Adjust forecast result of regression linear to the maximum increasing 
customer that we have set in previously. 
- Final forecast of customer number. 
3.2.3 Forecasting consumption rate 
Water consumption is the amount of water consumed by the customer within a 
specified period based on the customers meter reading. Table 3.4 shows total water 
consumption of customer in December 2006-2011 based on billing information of 
PDAM Makassar (PDAM, 2012), while consumption rate is average consumption rate 
of a customer within a specified period as shown on Equation 3.2.  
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Table 3.4 total water consumption of PDAM customer in December 2006-2011 
No Year Customer number 
Consumption in 
December (m3) 
1 2006 130,412 2,466,217 
2 2007 134,897 2,712,405 
3 2008 140,339 2,896,438 
4 2009 146,565 3,001,513 
5 2010 150,791 3,326,944 
6 2011 154,297 3,240,882 
 
.....(3.2)r
CC
CN
=  
Where C is total consumption of a customer in m3/month, CN is total customer 
number and Cr is consumption rate. The consumption rate varies over time due to the 
effect of climate factor, socioeconomic, and restricted service (Gato et al., 2007). 
Consumption rate in the study area is predicted to be increase in the future, mainly for 
residential customer.  
 A clustering analysis addressed to identify the characteristic of the 
consumption water and relationships among the zones. It divides zone into groups 
(cluster), where zones have similarly trend of maximum consumption will be grouped 
into same group, while those in different are dissimilar group (Choi et al., 2010). 
Maximum consumption of zones is classified into four groups such as: Group I 
(moderate or very high), Group II (high), Group III (medium) and Group IV (low). 
There are numerous applications and programs in which clusters can be formed. 
Hierarchical clustering is one of the most straightforward methods (Wang. Y et al., 
2013), while Statistical Package for the Social Sciences (SPSS 16) used to classify zone 
 
61 
 
into grouped by hierarchical analysis method.  
As well as forecasting customer number, forecasting zonal consumption rate 
based on customer category is also addressed assumptions to facilitate forecasting as 
following in the step below:  
- Determine maximum zonal consumption rate of each customer category 
based on data in December 2006 – 2011. 
- Grouping zone into four groups according to the maximum consumption by 
cluster analysis (SPSS 16). 
- Determine maximum consumption rate of each group. 
- Make regression analysis of consumption rate of each zone and customer 
category. 
- Future zonal consumption rate will increase according to the trend of 
regression analysis and to be constant when they reach maximum 
consumption rate of their group. Otherwise, zone decreases consumption 
rate is assumed to be constant in the future. It is equal to maximum 
consumption rate during 2007-2011. 
3.2.4 Forecasting water demand 
 Water demand is one of factor that determines the success of water distribution 
system design. Increase of population, climate change, and economic growth advances 
causes increase water demand and turn trend of water consumption per capita (Khatri 
and Vairavamoorthy, 2009). Model forecasting water demand depends on the total 
customer and water use in each zone (Aly and Wanakule, 2004). There are four 
forecasting demand escalation time in this study such as 2030, 2050, 2070 and 2090. In 
addition, the forecasting also considers water losses or uncounted water and peaking 
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factor (Idowu et al., 2012). Water loss is assumed 20%, while peaking factor is 1.2. 
Equation 3.3 expresses model of zonal forecasting water demand in the study area.  
(( )
) .....(3.3)
Water demand Customer number x consumption rate
water losses x peaking factor
=
+
 
Figure 3.7 shows result of forecasting water demand of each zone. The figure 
expresses that water demand of Zone 28 23, and 21 is expected to be increased 
significantly in the future due to these zone are new residential area. Reflecting of 
development concept and strategy set up in the master plan of Makassar City, this area 
is to be as the new city in the future thus water demand expected to be increased 
significantly. The high future water demand of Zone 30 is caused this zone is an 
industry area, particularly for large-scale industry, thus the water demand of this zone 
will be dominated by industrial customer category. The result of forecasting is 
accordance to the city master plan, which will establish a new water treatment plant in 
this area to meet future water demand, especially for industrial customer. Zone 16, 10, 
11, 18, 17 and 11 are residential area located in the fringe area of the central city. These 
zones also expected to be increased future water demand mainly for residential customer. 
While zones in the city center such as Zone 1, 2, 3, 4, 5, 6, 7, and 8 are not to be 
increased significantly or water demand tend to be constant in the future. Water 
consumption in Kota Makassar is mostly affected by residential customers, except for 
specific zones. Zone 30, 37 and 24 are the industry zones. Zone 1, 2, 3, 4, 5, 6, and 7 are 
in the city center that affected significantly by the commercial and institution customer 
category. Zone 18, 19, 33, and 15 are commercial zones in the fringe area of the city 
center, there are a lot of new commercial facilities such as luxury hotels and shopping 
malls. Similarly with the zones 31, 32 and 25, which are the public service and 
education area, the forecasting water demand shows that the zones are to be influenced 
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by the residential and institution customer significantly. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Result of forecasting water demand at each zone 
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3.4 FORECASTING NODE DEMAND 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Somba Opu Distribution Network. 
For future study in the next chapter, this section forecasts node demand of 
Somba Opu Distribution System. Its service area includes the city center (commerce 
and administration) and newly developing residential areas. Many old pipes in this area 
mainly in the central city installed in the 1920s are still in use, while smaller mains of 
the PVC pipes are installed in the newly developing areas. To facilitate forecast and 
future study in the next chapter, this study tried to adjust the pipeline of Somba Opu 
Distribution Network as shown in Figure 3.8.  
Estimation of node demand is based on the zonal water demand and pipe 
length as shown in Equation 3.5 (Bakri et al., 2012b). 
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Figure 3.9 Example of node demand estimation 
Where NDn is demand of node n at zone n, WDZn is water demand at zone n, Ln 
is pipe length that services node n and Ltn is the total pipe length in zone n. Furthermore 
example of node demand estimation is as following in the simple network as shown in 
Figure 3.9. Equation 3.5-3.10 provide estimating model to estimate water demand at 
Node 1-6. Node demand of Somba Opu distribution system is estimated based on the 
method and equation below. 
2 4
1 1 1
2 4 5 7 2 4 5 7
/ 2 / 2( . ) ( . ) .....(3.5)L LND WD Z x WD Z x
L L L L L L L L
= +
+ + + + + +
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 Result of node demand estimation of Somba Opu Distribution systems is given 
in the Table 3.5. 
Table 3.5 Node demand of Somba Opu Distribution Network  
Node 
Water Demand (L/S) 
Node 
Water Demand (L/S) 
2030 2050 2070 2090 2030 2050 2070 2090 
1 73.00 107.88 134.23 172.11 23 57.66 71.12 80.95 96.75 
2 109.80 156.58 191.76 243.01 24 27.04 33.13 37.60 44.81 
3 93.27 132.48 161.99 205.03 25 50.13 66.11 77.68 95.32 
4 36.97 56.12 70.61 91.28 26 22.78 30.69 36.33 44.86 
5 37.60 48.34 56.31 68.59 27 54.29 73.14 86.81 107.40 
6 49.58 61.96 71.11 85.59 28 14.54 20.32 24.51 30.72 
7 14.97 18.17 20.52 24.36 29 34.72 46.93 55.94 69.44 
8 29.47 36.96 42.50 51.22 30 21.73 28.74 33.98 41.91 
9 49.53 62.99 72.89 88.32 31 22.66 29.97 35.44 43.71 
10 21.56 29.80 35.96 45.05 32 27.32 36.13 42.72 52.69 
11 114.89 155.62 185.59 230.43 33 32.24 41.66 48.57 59.07 
12 78.03 110.20 134.03 168.98 34 24.43 31.65 36.93 44.98 
13 28.35 35.91 41.44 50.09 35 40.92 53.19 62.39 76.22 
14 54.90 68.57 78.77 94.92 36 15.92 19.01 21.10 24.66 
15 72.68 93.60 108.96 132.63 37 26.18 32.67 37.40 44.63 
16 41.44 53.54 62.36 75.90 38 23.51 28.59 32.39 38.27 
17 79.74 101.31 117.23 142.05 39 16.33 18.89 20.56 23.59 
18 22.23 28.53 33.12 40.21 40 23.81 27.06 29.69 34.44 
19 58.91 73.41 84.22 101.38 41 11.16 12.83 14.34 16.94 
20 7.60 9.27 10.56 12.66 42 10.29 10.96 11.38 12.48 
21 32.93 40.86 46.92 56.56 43 10.78 11.44 11.85 12.96 
22 16.17 19.57 22.19 26.49      
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3.4 CONCLUSIONS 
The study area is central of East Indonesia. It is developing rapidly as a centre 
of administration, industry, commerce and education in East Indonesia. Infrastructural is 
being developed and upgraded of this city is development, inclusive of water and 
sanitation, could hardly catch up with this rapid pace in the area. Water supply system is 
serviced by PDAM Makassar, it is city-owned waterworks and one of twelve drinking 
water companies classified into a large group in Indonesia. There are a lot of problems 
in water distribution system. Many people, particularly in the north and west parts of the 
city, suffer from chronic water shortage and low water pressure (0-0.5kg/cm2). The 
current crucial situation may be caused from a high rate of non-revenue water (NRW) as 
well as inadequate aligment of water distribution networ. The distribution water system 
is still consist of old pipe, mainly in the city center. In the newly developing area, the 
PDAM has been used to install PVC main pipes in small diameter thus the capacity 
network is insufficient. While future water demands in study area is to be increase 
rapidly. It is caused of population and economic growth. Water consumption is 
dominated by residential customers, except for specific zones. The water authority need 
rehabilitation and reinforcement of water distribution network to improve water supply 
condition.  
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CHAPTER 4 
OPTIMAL DESIGN OF WATER DISTRIBUTION NETWORK 
 
4.1 PROPOSING CONCEPT (TMR PIPE SYSTEM) 
4.1.1 Introduction 
This section is addressed for optimal design of water distribution network 
(WDN) in the study area. A new method is proposed for rehabilitation and expansion of 
WDN. It said Trunk/Limb Mains Reinforcement System (TMR System). The concept is 
prepared to overcome problems of WDN in the study area, namely, insufficient capacity 
of WDN, low water pressure, increasing water demand, weak financial capability of 
water authority, etc. Meeting unexpected water demand in the long term future, 
achieving cost-effectiveness, attaining simplicity of the pipe network and retaining 
sufficient water pressure at all customer taps are the main objectives of this concept. 
TMR system is a concept emphasizing reinforcement of trunk/limb mains in a network 
by proper selection of pipeline and diameters of trunk/limb pipes. 
4.1.2 Major issues considered 
To overcome all problems in the study area, the pipe replacement or 
rehabilitation shall be well-planned in view of current situation of the overall 
distribution network and future expansion of the service area (Sargaonkar et al., 2012). 
To seek optimal and cost-effective solution for the pipe rehabilitation, special attention 
was paid to the following: 
4.1.2.1 Insufficient capacity of pipe network 
Commerical, industrial and residential areas are expanding rapidly. 
Many modernized hotels, commercial centers, and large scale factories are 
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constructed or under contruction throuout the city. The exisiting pipe network 
is not sufficient in flow capacity to meet the increasing water demand in the 
area. 
4.1.2.2 Low pressure 
Extremely low supply pressure shall be improved as early as possible. 
This may cause adverse effects on human health and local economy. 
4.1.2.3 The newly installation pipe 
PVC pipes are dominantly used as service/limb mains, are not 
sufficient to achieve stable and continuous water supply. They shall continue to 
be in service after some adjustment or reinforcement.  
4.1.2.4 Easy Operation 
Pipe network shall be simple and functional for ease of routine 
operation and maintenance and NRW reduction. 
4.1.3 Basic concept of TMR System 
The pipe rehabilitation may be a good opportunity for the PDAM to establish 
flexible and durable distribution pipe network in the area. To attain this goal, we 
propose TMR Pipe System which will be further explained in succeeding paragraphs.  
4.1.3.1 Pipe alignment  
Basic concept of the TMR is to keep head loss at minimum, by 
replacing the existing distribution mains with larger diameter trunk/limb mains. 
The pipe system of this concept consists of trunk, limb, service mains and 
service pipeline as given in Figure 4.1. Trunk is mains installed to connect the 
WTP or Service reservoirs with district metered zones, limb is mains installed 
to interconnect with service main network, usually equipped with flow meters 
 at branching point from trunk mains
limb mains, forming pipe netwo
service pipelines (service connections)
service connections branched from service mains (with saddle and clamps) to 
supply water to the customers, equipped with customer mete
 
 
 
 
 
 
 
 
Figure 4.1 Conceptual pipeline alignments of the TMR pipe system
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Figures 4.1 and 4.2 show a conceptual pipeline alignment of the TMR 
pipe systems and existing. In existing system, many existing trunk/limb mains 
run in parallel, all of which have deteriorated after years of use or have small 
diameter. Under such circumstances, installation of an integrated pipeline is 
more cost-effective and hydraulically preferable than replacement of all mains 
for rehabilitation. To express the effectiveness of the integrated pipeline, this 
study tries to analyse Hazen-Williams Equation as shown on Equation 4.1.  
1.85 4.87 1.85(10.666 ) ( ) ( ) .....(4.1)I C D Q
L
- -= ´ ´ ´  
 Where I = hydraulic gradient, L= pipe length (m) C = pipe roughness 
coefficient, D = diameter pipe (m), Q = flow rate (m3/s) and I/L is head losses. 
From the equation, we assume that D and Q decrease to D/n and Q/m 
respectively while C, flow coefficient, is constant at any occasion thus the 
equation to be:  
1.85 4.87 1.85(10.666 ) ( ) ( ) .....(4.2)I D QC
L n m
- -= ´ ´ ´   
 If hydraulic gradient obtained from equation (4.1) is equal to that of 
equation (4.2), we suppose conveyance capacity of the pipe with diameter D is 
hydraulically equivalent to the pipe with diameter D/m.  
1.85 4.87 1.85 1.85 4.87 1.85(10.666 ) ( ) ( ) (10.666 ) ( ) ( )D QC D Q C
n m
- - - -´ ´ ´ = ´ ´ ´  
n4.87 = m1.85 or 
m = n2.6324  …..(4.3) 
 Finally, from the Equation 4.3, we prepared a logarithmic chart that 
shows the number of pipes vs. hydraulically equivalent diameter as in Figure 
4.3 and 4.4 (Bakri et al., 2012a). Pipe design engineers can easily find the 
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adequate diameter of the larger main from this chart. For example, a 400 mm 
diameter pipeline is cross-sectional area is almost equivalent 5-6 pipe 200 mm 
pipeline, although its hydraulically is more effective 7 times than 200 mm 
pipeline in terms of pressure loss. Consequently, renewal costs may drop to 
one-half or one third of the replacement of all pipelines. Furthermore, service 
main arrangement or installation as planned stepwise can be implemented 
according to a priority or urgency of the supply area. 
4.1.3.2 Identifying Trunk/Limb Mains  
This system is considered simple and easy to adopt in pipeline design. 
It is necessary first to identify trunk mains on the network and then to seek a 
solution of proper diameter mains to improve the overall network. There are 
many possible alternatives for pipelines of limb/trunk mains in a network. 
Proper selection of trunk/limb mains pipe can improve the overall network 
without the replacement all pipe mains alignment.   
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Figure 4.3 Number of Pipes-Trunk/Limb Main Hydraulically Equivalent 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Number of Pipes 
 
- Service Main Hydraulically Equivalent 
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4.1.3.3 Pipe material.  
The aim of the TMR pipe system is to install quality trunk/limb mains 
of a long life span. Due to TMR system requires long life span for flexible and 
durable pipe alignment, DCIP or other such pipe is may more effective for 
trunks/limbs.  
4.1.3.4 Design matrix of TMR System 
To clarify further a whole picture of the TMR pipe system, we 
prepared “design matrix” which focuses on scope and effectiveness of the 
TMR as given in Table 4.1. 
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Table 4.1 Design Matrix of TMR in Makassar 
Components Scope Renewal Cost* Effectiveness Current situation
Trunk main Additional trunk mains aresmall in quantity Similar -Moderate
-Trunk mains, 700-1,000mm in dia.
installed
Limb main Integrated pipelines areinstalled
1/2-1/3 of simple
replacement
-Highly effective
- New pipe installation may render
less impacts on traffic/human life
-CIP limb mains deteriorated due to
encrustation
Limb main (PVC) New limb mains areinstalled
Reasonable, as installation
of temporary pipes are not
required
-Highly effective
-Water pressure will be drastically
improved
-Small diameter PVC mains are not
functioning as limb mains
Service main (old GIP) New main installation
Reasonable, as installation
of temporary pipes are not
required
-Highly effective
-Water pressure will be drastically
improved
-Service mains deteriorated due to
encrustation
-Low pressure at end users
Service main (PVC) Existing mains to berearranged
Reasonable, as installation
of temporary pipes are not
required
-Fairly effective
-Small PVC pipes extend to newly
developing area, from which a
number of service pipelines branch
entangled
Multi-function chamber Newly constructed oninlets to service mains Not costly -Highly effective -Flow controllers not exist
Flow/pressure control Flow controllers installed inMfC*
Additional costs required
for flow control equipment
-Highly effective
-Flow control becomes easier
-O&M is not considered.
-Flow control is hardly possible
Fire fighting Fire hydrants installed Increased costs forinstallation of fire hydrants -Highly effective
-Due to low water pressure, fire
engines rush between plant and
fire site
NRW control DMA established Similar
-Highly effective
-DMA will be established for NRW
control
-Leakage control is hardly possible
Asset management GIS Not costly as the PDAMuses GIS software -Highly effective
-As the priority of the existing
pipelines is uncertain, it is hard to
propose a strategic asset
management.
Pipeline installation
Additional limb /service
main installation for new
DMA
New DMA not costly -Highly effective
-Small diameter of the existing limb
mains shall be reinforced to expand
service area
Flexibility for Future Expansion
Civil Work
Operation & Maintenance Aspects
-Residual chlorine is not detected
at end users.
–Many customers tend to install
house pumps on their premises,
resulting in possible contamination
Additional chlorine dosage
equipment may be
installed.
Public campaignWater quality control
-Highly effective
-House pumps are abandoned
because of increased pressure
-Frequent wash-out may be required
-Residual chlorine may reduce in the
pipes
 
Note:  
*  “Renewal Cost” and “Effectiveness” above are a result of comparison with normal pipeline 
replacement. 
** MfC implies “a multi-function chamber” in which various devices for flow control, flow 
measurement, air release, wash-out, etc. are encased all together. 
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4.1.4 Effectiveness of TMR System 
The trunk/limb mains installed probably under pavement of main/sub-main 
roads shall have sufficient strength, durable against long term use. Optimal route for 
new pipelines shall be carefully selected so that pipe laying works may not cause any 
serious impacts or disturbance on social life and traffic. 
Service mains, instead, can be laid at a shallow depth under sidewalks as 
currently practiced by the PDAM. Eventually, the pipe network forms “double-layer”: 
trunk/limb main in 1.2-1.5 m and service mains in 0.5-0.8 m depth underground. This 
may be appropriate for the PDAM to carry out routine maintenance of the pipe network 
effectively. PDAM staff can easily access to the installed service mains when urgent 
repair and maintenance are required. Application of the TMR pipe system to the pipe 
rehabilitation may have advantages as follows; 
4.1.4.1 Head losses 
Water flow loses its energy due to its internal friction with pipe wall. A 
number of branches, bends, reducers, and valves are also additional causes for 
head losses. Under a certain flow rate and pipeline alignment, hydraulic 
gradient becomes steeper at small diameter mains than that of large ones. 
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0.0 
1.0 
4.0 
3.0 
2.0 
Trunk main Limb main 
Pr
es
su
re
 (k
gf
/c
m
2 ) 
0-0.5 kgf/cm2 
1-1.2 kgf/cm2 
TMR 
Existing 
WTP Customer 
Figure 4.5 Hydraulic Profile of TMR Pipe System 
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Figure 4.5 illustrates hydraulic profile of distribution mains. The TMR pipe 
system, by reinforcing size and alignment of trunk/limb mains, minimizes head 
losses. High water pressure kept in the limb mains will be desirable for stable 
and continuous supply. Although hydraulic gradient (=head loss/distance) of 
water flow in the service mains is similar to those of the existing, all customers 
even in the fringe area can enjoy continuous 24 hour supply. 
4.1.4.2 Sufficient water pressure 
As head losses of distribution mains are smaller than that of the 
existing, customers enjoy sufficient water continuously on 24 hour basis. 
Although peak hour demand may cause pressure drop, the TMR pipe system 
keeps water pressure sufficiently high even at peak hour. Large diameter and 
low flow velocity in the extended limb mains will decrease head losses. 
Customers are no more required to have suction pumps to supplement the 
pressure. They may abandon their use. In addition, strengthened and durable 
trunk/limb mains are also effective in preventing pipe leaks. 
4.1.4.3 Cost –effectiveness 
Renewal cost of limb/service mains is moderate, nearly 1/2 – 1/3 of 
that of “all-pipe replacement”. Short (in total length) but extended length of 
limb mains and simplified network contribute to substantial reduction of labor, 
procurement, operation and maintenance costs.     
4.1.4.4 Flexible and durable pipe alignment 
Rapid population growth and economy may trigger robust and 
unexpected increase in water demand in future. Strengthened trunk/limb mains 
have sufficient capacity to cope with this situation. Water can be supplied 
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through service mains with minimum effects on water flow in the limb mains. 
Depending on the situation, the PDAM can install new service mains at 
shallow depth under sidewalks which are not costly. 
4.1.4.5 Easy operation and maintenance 
Multi-function chamber that will function as flow measurement, flow 
control, air release, and wash-out is beneficial to the PDAM, resulting in easy 
operation and maintenance. Surrounding fence may protect from human access 
and tampering of equipment installed in the chamber. Costs required for 
operation and maintenance of the simplified network may decrease 
significantly.       
4.1.4.6 Effective control of water losses 
Detection and reduction of leaks or water losses become easier by 
introducing the TMR pipe system. Any water leak can be easily detected in 
well-designed District Metering Area (DMA) network (Morrison, 2007). 
4.1.5 Conclusions 
The TMR pipe system we propose is considered more effective than the 
method commonly applied in the world (all-pipe replacement). Basic concept of the 
TMR is to keep head loss at minimum, by proper selection of routes and diameters of 
trunk/limb pipes and replacing the existing distribution mains with larger diameter 
trunk/limb mains. Minimized pipes length, number, accessories and volume of civil 
works will benefit to a decrease in project costs. Increased conveyance capacity of the 
mains and interconnected limb mains are flexible for growing water demand. Because 
of its simplicity, NRW control and management will become easier than ever before. 
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4.2 GENETIC ALGORITHMS  
4.2.1 Introduction to the Genetic Algorithm 
Genetic Algorithm (GA) is the implementation of Darwin’s theory of evolution, 
and has been developed by John Holland and his colleagues at the University of 
Michigan. They have led to important discoveries in both natural and artificial systems 
sciences (Holland, 1975). GA is adaptive heuristic search algorithm based on the 
evolutionary ideas of natural selection and genetics (Goldberg, 1989). 
4.2.1.1 Chromosome 
A generation or population contains a chromosome by binary string 
(Roshani, 2013). In binary encoding, every chromosome is usually a string of 
bits: 0 or 1. A simple example of encoding express in Table 4.2 
4.2.1.2 Reproduction 
Proposing initial population or preparing parent is the first step of this 
method. A binary number is usually used for decoding of the parents or new 
population. Reproduction process would generate new population or children, 
and then new population would be evaluated to clarify merit or demerit of new 
generation. Achieving of better fitness value will propagate to select in the next 
generation (Arai et al., 2009).  
Table 4.2 A simple example of decoding 
Pipe Diameter (mm) Binary Number 
1 100 10 
2 150 11 
3 200 01 
4 250 00 
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Figure 4.6 Reproduction process of genetic algorithm  
For finding better generation, new population is then created again 
from old population using modification process such as crossover and mutation. 
While population doesn’t satisfy based on the evaluation process would be 
discarded. Figure 4.6 shows reproduction process of genetic algorithm. 
4.2.1.3 Crossover 
 
1 1 0 0 1 1 1 0 0 1 
0 0 0 1 1 0 1 0 1 1 
  
1 1 0 0 1 1 1 0 0 1 
0 0 0 1 1 0 1 0 1 1 
Figure 4.7 Crossover operator 
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1 1 0 1 1 0 1 0 1 1 
0 0 0 0 1 1 1 0 0 1 
 
(Two point Crossover) 
1 1 0 0 1 1 1 0 1 1 
0 0 0 1 1 0 1 0 0 1 
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Crossover is one of operator of GA to perform new generation. It 
exchanges partially of bits of two parent strings to produce new offspring 
strings (Huang, 2011). Crossover occurs during evolution process and a user 
defines the crossover probability (Pc) (Roshani, 2013). It is distributed at the 
range 0.0 to 1.0 (Simpson et al., 1994). Figure 4.7 shows example of one and 
two point of crossover process (Goodman, 2009). 
4.2.1.4 Mutation 
Mutation is an important part of GA operator. It prevents population 
from stagnating at any local optima (Roshani, 2013). As well as crossover, 
mutation probability (Pm) is also defined by user at the early of modification 
process. The probability (Pm) is distributed very low 0.01-0.1 (Simpson et al., 
1994). Figure 4.8 expresses mutation operator of pipeline network based on 
decoding in the Table 4.2. 
Original child:  
Pipe  1 2 3 4 5 6 7 8 9 10 
Coding 0 0 0 0 0 1 1 1 1 1 0 1 1 0 1 1 0 1 1 0 
Diameter 250 250 200 150 150 200 100 150 200 100 
 
The new child (after mutation): 
Pipe  1 2 3 4 5 6 7 8 9 10 
Coding 0 0 0 0 0 1 1 1 1 1 1 1 1 0 1 1 0 1 1 0 
Diameter 250 250 200 150 150 150 100 150 200 100 
Figure 4.8 Mutation operator 
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4.2.2 Conclusion 
Genetic Algorithm (GA) has been used successfully in optimal pipe 
distribution network design. The main focus is to minimize cost while accounting for 
hydraulic constraints such as flow velocity in pipes and water pressure at each node of 
the pipe network. In contrast with traditional method where design of water distribution 
network has been based on experience of planner or engineer, a GA searches the optimal 
solution for the network based on natural selection and the mechanism of biological 
background.  
 
4.3 APPLICATION OF TMR SYSTEM AND GENETIC ALGORITHM 
4.3.1 Introduction 
 In undertaking the appropriate reinforcement of water pipelines in the study 
area, “selection and concentration” strategy is needed from the following two 
standpoints. One is to satisfy the hydraulic constraints of the WDN dealing with future 
water demand. The other is to reduce life cycle costs. This section proposes a new 
method for rehabilitation and expansion of the WDN to meet increasing water demand 
and to ensure cost-effectiveness and adequate water pressure in the WDN. The purpose 
of this section is to show that TMR system is effective when making possible “selection 
and concentration” of the reinforcement process. Achieving the objective of the concept, 
iteration model of GA is developed to determine not only the most effective pipe 
diameter but also proper selection of pipeline mains. In other words, GA is presented to 
select the most effective pipeline mains that to be rehabilitated and discard others while 
at the same time search the optimal diameter solution for the pipeline for ensuring the 
cost-effectiveness and adequate water pressure at each node. The first, Hybrid Genetic 
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Algorithms I (HGA-I) is applied, considering rapid growth of the future water demand. 
The second, HGA-IIa, focuses on selection of trunk/limb mains pipelines. For achieving 
sufficient water pressure at all customer taps, the objective functions of GA are head 
requirement at node is fixed minimum 17 m and maximum velocity at all pipes is fixed 
at 3.0 m/s. In addition, to clarify effectiveness solution proposed by concept and GA, we 
prepare cost analysis in this chapter.  
4.3.2 Target area 
This study intends to focus on analysis of the Somba Opu Distribution System. 
In this section we consider a pipeline upgrading plan for the target area over a project 
period of 80 years starting in 2010 as the base year, thus water demand (Q) in 2090 will 
be applied to analyze the effectiveness of the rehabilitation and expansion plan worked 
out under the concept as shown in Table 4.3.  
Table 4.3 Node demand for case study (2090) 
Node Q (L/s) Node Q (L/s) Node Q (L/s) Node Q (L/s) 
1 172.11 12 168.98 23 96.75 34 44.98 
2 243.01 13 50.09 24 44.81 35 76.22 
3 205.03 14 94.92 25 95.32 36 24.66 
4 91.28 15 132.63 26 44.86 37 44.63 
5 68.59 16 75.9 27 107.4 38 38.27 
6 85.59 17 142.05 28 30.72 39 23.59 
7 24.36 18 40.21 29 69.44 40 34.44 
8 51.22 19 101.38 30 41.91 41 16.94 
9 88.32 20 12.66 31 43.71 42 12.48 
10 45.05 21 56.56 32 52.69 43 12.96 
11 230.43 22 26.49 33 59.07   
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As we said in the previous chapter, facilitating this study, we tried to adjust the 
pipeline of the network target. It is assumed to consist of one storage reservoir, 43 nodes, 
and 77 pipelines as summarized in Figure 4.9. The nodes in the target area are on mostly 
flat terrain, from 0 to 5.7 m above mean sea level (MSL). Water is distributed by gravity 
flow downward flow from the distributing reservoir 49 m above MSL. Another feature 
is the use of parallel pipelines on some routes. Nodes with relatively large water 
demand are those serving commercial areas or where housing or leisure facilities and 
the like are being developed or are planned for later development. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4.9 Network study 
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4.3.3 TMR System application 
The inadequate water pressure in the target area results from the existence of 
many pipes with improper diameters in the network. In the ideal water distribution 
system, pipes are laid out suitably with trunk mains having the largest diameter, 
followed by limb mains and then service mains. In the case of the distribution network 
in the target area, however, such a clear distinction is not built into the network design 
concept. The problem in the target area is that trunk and limb mains do not have a large 
enough diameter. The hydraulic problem arising from this situation is the large friction 
head loss in pipes at the upstream portion, so that sufficient water pressure cannot be 
obtained in downstream pipes. In devising a pipeline upgrading plan for the target area, 
it will be necessary to change the existing inappropriate pipe diameters. Of particular 
importance from the standpoint of meeting the higher demand volumes expected in the 
future and solving the inadequate pressure problem will be to incorporate in the plan the 
priority provisioning of trunk and limb mains. 
As there are many existing mains run in parallel. Under such circumstances, 
replacement or reinforcement of the existing distribution pipe network by installation of 
an integrated pipeline and optimally routed pipe mains may be more effective than, and 
hydraulically preferable to, replacement of all mains for rehabilitation. Existing small 
diameter mains may be no more practical, which may be used as service mains or 
replaced by larger mains. The application of concept emphasizes selective 
reinforcement of trunk/limb mains in the network, and therefore requires proper 
selection of pipelines and trunk/limb main pipe diameters. It is necessary first to 
identify trunk/limb mains on the network and then to seek a solution for proper diameter 
of mains to improve the overall network (Bakri et al., 2013). To find the optimal 
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solution from the many possible alternatives for pipeline mains in a network, we applied 
GA. The next step, rehabilitation or reinforcement of the pipelines, is then carried out 
selectively based on result of the GA. To this end, the pipes that are considered as trunk 
and limb mains with their major role in the distribution network are therefore defined as 
a main pipeline network. The pipelines that have hydraulic and economic impacts shall 
be prioritized in the upgrading project. 
4.3.4 Hybrid Genetic Algorithm Application 
Here we consider a method for identifying a main pipeline network in an 
existing water distribution network that lacks a clear distinction among trunk mains, 
limb mains, and service mains. The optimization model used in this methodology is a 
GA model. In considering the costs of the pipeline upgrading projects in the study area, 
we lay special stress on pipe material cost, which accounts for a large portion of the 
total costs. The study in this section has the purpose of minimizing the material cost by 
proper selection diameter pipeline. As a premise for the calculations, no changes are 
made to the shape of the target water distribution network. Since the pipelines in the 
target area are old ones that were laid several decades ago, the plan considered in this 
study is one in which all pipelines are upgraded by 2090, the final year of the project as 
shown in Table 4.3. Furthermore, applications of GA in this study are enumerated 
below; 
4.3.4.1 Hybrid Genetic Algorithm (HGA) model 
To facilitate the optimization problem for meeting the objective of the 
TMR concept, this paper developed a Hybrid Genetic Algorithm Model (HGA 
model) (Arai et al., 2009), which builds a pipeline network analysis program 
into the GA. 
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Figure 4.10 Methodology of HGA.  
This model evaluates both of the optimization problem such as 
cost-effectiveness and hydraulic analysis simultaneously as described in Figure 
4.10. Incorporation of pipe network analysis into a GA has two advantages: 
First, it supports a combination of discrete decision variables and non-linear 
objective functions for the optimization problem. Second, parallel calculation 
of GAs and hydraulic analysis establishes alternative planning that can be 
verified from the engineering perspective (Arai et al., 2009).  
4.3.4.2 Concept of optimal design 
In order to identify main pipeline networks in the target WDN, an 
optimization problem is formulated in which all pipe diameters are decision 
variable. The objective function TC is the total of pipe material costs for the 
rebuilt pipeline network. It is assumed to use of ductile cast iron pipe (DCIP) 
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as the pipe material. The material costs of each pipeline are expressed as the 
product of pipeline total length Li (m) and unit laying cost C in IDR (Indonesia 
Rupiah or local currency) based on diameter Di (mm). Then the planning 
problem for determining the optimal diameter Di of each pipe i is formulated as 
follows, where the constraints are pressure at each node and velocity at each 
pipe.  
The general mathematical statement of the optimal design above can 
be summarized as following in Equation 4.4 – 4.6.  
 
Subject to hydraulic constraints; 
 
Where Tc is the total cost of pipe with diameter Di and length Li and n is the 
total number of pipes in the system. Hj is effective water head at node j while 
Vi represents the flow velocity in pipe i. HjMin is the minimum effective water 
head needed to be allocated at node j, and VMax is maximum flow velocity (m/s) 
in pipe i.  
4.3.4.3 Diameter options  
A binary number is generated as the initial population of GA. This 
study takes a 2-bit binary number such as 0 and 1. Diameter pipe candidates Di  
for each pipeline i based on the present diameter, with 16 pipe diameter options 
for the diameter changing stage, are shown in Table 4.4. Search space is the 
most important element for controlling efficiency and effectiveness of a GA 
(Kadu et al., 2008).  Since the binary numbers consist of 2 bits, there are a 
( )
1
, .....(4.4)
n
c i i
i
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maximum of 4 diameter options. An iteration model of HGA was developed for 
finding the most effective solution in the study area. The first is HGA-I, which 
aims to address increasing water demand; thus the pipe diameter options may 
be equal or larger than the present diameter. The second is HGA-IIa, it is used 
to apply a process of selection and concentration on the proposed plan obtained 
by means of HGA-I (Bakri et al., 2014), from the standpoint of improving cost 
performance of the plan. This process is to select the diameters that are same or 
one rank larger obtained by HGA-I for pipelines that should be sufficiently 
large as main pipelines, or inducing the selection of diameters that are one rank 
larger obtained by HGA-I for pipelines that should be sufficiently large as main 
pipelines. At the same time it induces the selection of pipes with one rank 
lower diameter for pipelines that can be downsized, or of the smallest diameter 
(150 mm) among existing pipes, for the sake of lowering costs. If 150 mm is 
selected in the first round of application, a pipeline is determined not to have 
high importance as a main pipeline. Pipes of the smallest diameter (150mm) 
are then excluded from the second round of HGA-II(a) application, and 
application is repeated until a main pipeline network is obtained with the 
highest fitness (FV). For instance, diameter options and binary number of 
HGA-I and IIa is summarized in Table 4.5. Note that 150 mm pipes included in 
the results of HGA-I application are likewise excluded from the candidates for 
main pipelines in subsequent iterations. 
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Table 4.4 Diameter and cost stage (Cost in IDR/m x 10^6) 
No 
Dia. 
(mm) 
Cost No 
Dia. 
(mm) 
Cost 
1 150 0.644 9 600 10.535 
2 200 1.151 10 700 14.374 
3 250 1.804 11 800 18.814 
4 300 2.605 12 900 23.856 
5 350 3.555 13 1000 29.500 
6 400 4.653 14 1100 35.748 
7 450 5.899 15 1200 42.601 
8 500 7.295 16 1300 50.060 
 
Table 4.5 Diameter options and binary numbers 
  
4.3.4.4 Fitness value  
Fitness function and penalty method used to evaluate merits and demerits of 
each generated individual (Castillo and Gonzalez, 1998). Achieving of the 
highest fitness value is the objective of this model. Fitness value (FV) is 
calculated as inverse of the total network cost as shown in Equation 4.7 while 
the total cost (Tc) is taken as the sum of the cost of the pipe in the network.  
1 .....(4.7)
c
FV
T
=  
As FV of HGA, the reciprocal of objective function Tc in Equation 4.4 is used. 
Current pipe 
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Pipeline network analysis is necessary for guaranteeing that each of the 
candidate solutions obtained by HGA application satisfies the constraints of 
Equations 4.5 and 4.6. A penalty cost will be assigned for the individual by 
multiplying its FV with 0.1 if an the individual doesn’t satisfy the objective 
function of hydraulic as minimum pressure Hmin at each node j and maximum 
velocity Vmax at each pipe i,. For achieving sufficient water pressure at all 
customer taps, the head requirement at node is fixed minimum 17 m, while 
maximum velocity at all pipes is fixed at 3.0 m/s.  
4.3.4.5 GA operator 
Population and generation of HGA-I in this study are set 2000 and 
3000 respectively while of HGA-IIa are 1300 and 3000. Crossover and 
mutation are set at 0.8 and 0.03 respectively. 
4.3.4.6 HGA I-IIa methodology 
 The HGA I-IIa methodology in this study is applied as in the figure 
and steps below: 
 
 
 
 
 
 
 
 
 
Figure 4.11 Iteration model of HGA 
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1. Analyze the existing network using the first HGA (HGA-I) to 
address increasing water demand.  
2. Set the minimum diameter pipe for identification of pipe to be 
discarded. 
3. Analyze the network using HGA-IIa for selection of trunk/limb 
mains pipe. 
4. Compare the fitness value of the new network (FVi) with the 
previous network (FVi-1). If the fitness of the new network is 
higher, re-analyze the network by HGA-IIa with the new pipe 
number. Then if the FVi is equal to or lower than FVi-1, the 
process will end and the previous network is the most effective 
solution. 
4.3.5 Result of HGA Analysis 
Figure 4.12a-4.12h show alterations to the network and Table 4.6 is diameter 
pipe solution for each step of HGA. Firstly, network was analyzed using HGA-I for 
meeting increasing water demand. Total pipe number of this HGA is 77 pipes or equal 
to the existing system and FV of this solution is 1.617. Next step, applied HGA-IIa for 
selection and concentration of main pipe. It also determined appropriate diameters for 
each pipe. As said in the previous section that finding the highest FV is the objective of 
the model. The method will end when the FV of new iteration is lower than the previous 
iteration. Solution of HGA-1 also proposed 6 pipes in 150 mm namely pipe 15, 59, 63, 
65 and 70. These pipes will be discarded for the HGA-IIa and Iteration 1, thus total pipe 
would be analyzed of this step is only 71 pipes. FV of Iteration 1 is 1.697 or higher than 
HGA-I. As result of the higher FV, then the process will be continued for next iteration 
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of HGA-I. In addition, solution of Iteration 1 also proposed 16 pipes for discarded in the 
next step. This process will be repeated to obtain a lower value of FV than previously. 
Finally at the end of this process is Iteration 6, or requires six iteration of HGA-IIa. 
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Figure 4-12a. Existing system
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Figure 4-12c. HGA-IIa (Iteration I, FV = 1.697)
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Figure 4-12d. HGA-IIa (Iteration 2, FV = 1.756)
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Figure 4-12e. HGA-IIa (Iteration 3, FV = 1.773)
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Figure 4-12f. HGA-IIa (Iteration 4, FV = 1.776)
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Figure 4-12h. HGA-II (Iteration 6, FV = 1.788)
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Figure 4.12 Alteration of network 
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Table 4.6 Comparison of pipe diameters of existing, HGA I and IIa methodologies  
 
Pipe 
Diameter Pipe (mm) 
Pipe 
Diameter Pipe (mm) 
Pipe 
Diameter Pipe (mm) 
Existing 
HGA 
1 
HGA 
IIa 
Existing HGA 1 
HGA 
IIa 
Existing 
HGA 
1 
HGA 
IIa 
1 1300 1300 1300 27 350 350 300 53 300 350 350 
2 200 350 450 28 250 300 - 54 250 250 300 
3 1200 1200 1200 29 200 300 400 55 150 150 - 
4 200 350 - 30 400 450 - 56 150 300 - 
5 200 350 400 31 350 350 200 57 300 350 500 
6 200 250 - 32 400 400 - 58 250 350 400 
7 200 300 350 33 350 450 600 59 150 150 - 
8 300 300 250 34 400 500 600 60 250 250 - 
9 300 400 450 35 200 200 - 61 150 200 - 
10 500 500 500 36 400 600 600 62 250 350 300 
11 500 700 600 37 400 500 700 63 150 150 - 
12 1000 1000 1000 38 350 350 - 64 200 250 250 
13 1000 1000 1000 39 350 350 - 65 150 150 - 
14 200 200 - 40 700 900 800 66 300 350 300 
15 150 150 - 41 350 400 - 67 200 200 - 
16 400 600 700 42 350 350 500 68 250 250 - 
17 350 450 - 43 200 200 - 69 300 300 450 
18 400 600 700 44 350 500 500 70 150 150 - 
19 350 500 - 45 150 200 - 71 250 250 350 
20 350 350 - 46 350 350 - 72 300 300 - 
21 400 600 700 47 150 250 - 73 350 350 - 
22 350 450 - 48 350 350 500 74 200 200 - 
23 400 600 700 49 400 600 700 75 300 300 250 
24 200 350 400 50 350 450 500 76 250 250 300 
25 350 400 450 51 300 300 - 77 150 200 200 
26 400 450 - 52 150 250 350       
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Figure 4.13 Pressure at each node 
 
 
 
 
 
Figure 4.14 Velocity at each pipe 
In order to verify that hydraulic constraint meeting the objective function, we 
conducted hydraulic analysis to determine the water pressure at each node and velocity 
at each pipe as given in Figure 4.13 and 4.14. From the figures we can clarify that the 
diameter of the existing network is not sufficient to cope with increasing water demand. 
The existing distribution pipe network needs to be rehabilitated and reinforced for 
meeting the water demand. While solution that proposed by HGA-I and HGA-IIa, the 
hydraulic constraint of both methods match the requirements standards such as; 
minimum pressure at each node and maximum velocity at each pipe. The FV of HGA-I 
solution is 1.617 and HGA-IIa is 1.788. In other word, material cost of HGA-I and 
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HGA-IIa solution are equal to 618 x 109 and 559 x 109 respectively. Figure 4.13 also 
clarify that the nodal pressure of HGA-I and IIa is nearly equal at each node. 
Differences are seen between the methods in node 3, 12, 22, 23, 24, 26, 31, 36, 37, 38, 
39, 40, 41, 42 and 43 where HGA-I is higher than HGA-IIa while in Node 4, 5, 13, 14, 
27, 29, 30, 33 and 34, HGA-IIa is higher than HGA-I. However, we can see that the 
differences are not significantly large. These models can therefore be seen as a means of 
equalizing water pressure at each node in a WDN. As well as pressure, velocity at each 
pipe of HGA-I and IIa also match the velocity requirements standards as envisaged in 
Figure 6b. Judging from HGA-I and IIa process, obtaining the solution proposed by 
HGA would be far more difficult and time-consuming using the common method of 
network design with a number solution space. The application is uncomplicated and 
does not require a high degree of mathematical sophistication to understand its 
mechanism (Savic and Walters, 1997). 
Figure 4.15 indicates that although water demand increases three-fold, to cope 
with the increase the water authority does not need to replace the overall pipeline in the 
network with larger diameter than existing. Out of 77 nodes, the solution selects 43 
trunk/limb main pipes and discards 34 others as shown in Figure 4-12h. The diameters 
of 4 pipes are downsized by 50-150 mm such as: Pipe 8, 27, 75 and 31, and 3 pipes 
retain their existing diameters namely Pipe 10, 12 and 66. Pipeline 
rehabilitation/reinforcement is therefore concentrated on the remaining 36 pipes 
numbers, out of which 17 pipes numbers: Pipe 16, 18, 21, 23, 37, 49, 2, 33, 1, 3, 5, 24, 
29, 34, 36, 52, and 57 are upsized to diameter to 200 – 300 mm from the existing, and 
19 pipes, including  Pipe 7, 9, 42, 44, 48, 50, 58, 69, 11, 13, 25, 40, 71, 53,54, 62, 64, 
76 and 77 are also upsized to diameters 50-150 mm. 
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Figure 4.15 Diameter changes existing diameter derived by HGA-IIa 
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4.3.6 Cost analysis  
Previous result proved that solution of HGA-I and HGA-IIa is almost equal in 
term of hydraulic view of point, and HGA-IIa is more cost effective in term of material 
cost. In the next problem that how to the total or others cost of the two HGA, namely, 
civil work and repair cost. Addressing this question, we represent a cost analysis. In the 
analysis, overall costs of the alternatives include those for installation and leak repair 
required up to the year 2090 (Bakri et al., 2012b). To minimize the effects of price 
escalation, the present study assumes a social discount rate of 0% in the future.  
4.3.6.1 Pipe installation 
Pipe installation costs include those for materials and civil work. Main 
pipes should have sufficient strength and durability in terms of both diameter 
and material. In many cases, the diameter and material of installed mains are to 
meet water demand at a standard target year of projects (normally, 10-15 year 
target). The size of the installed mains is no longer sufficient and needs to be 
replaced immediately after the project. This is considered ineffective due to 
frequent interval of pipe rehabilitation and replacement, which may cause 
impacts or disturbance on social life and traffic. On the other hand, several 
manufactures in Asia are now producing high quality pipes which have more 
than 80 year life span. Thus the DCIP pipe is assumed to be used in the current 
research with have a life span of 80 years. Material costs (Cm) depend on the 
sizes as shown in Table 1, while civil work costs per meter (Cc) in study area 
are given as a function of material costs and coefficient ɑ, a fixed ratio 
tentatively assumed to be 0.3 
.....(4.8)c mC a C= ´  
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4.3.6.2 Leakage repair cost 
As well as pipe installation, leakage cost estimation is based on the 
pipes lengths of the renewed pipes in each solution method. In fact, leak 
frequency of a pipeline is gradually increased according to the pipe aging. 
Because of the difficulty of gathering sufficiently detailed data for study area 
then it is assumed to be constant with time per year and kilometer (km). From 
the experience in Kota Makassar, pipe leaks for DCIP pipe are estimated to 
take place after installation at a frequency of 0.5 points/km/year in the period 
of 20 years before its life span expires. Average costs required for a leakage 
repair (Cl) may be expressed as a function of Cm, and Cc and fixed ratio (b), 
tentatively assumed to be 2.0.  
( ) .....(4.9)l m cC b C C= ´ +  
Comparative cost analysis of HGA-IIa with HGA-I is summarized in Figure 
below. 
 
 
 
 
 
 
 
 
 
    Figure 4.16 Cost analysis 
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The figure shows the material, civil work and leakage repair cost required for 
pipe replacement according to pipe diameter, number and length of HGA 1 and HGA II 
methodologies. HGA I represent replacement of all mains for rehabilitation while HGA 
II is line with TMR system namely selective reinforcement of trunk/limb mains and 
installation of an integrated pipeline. Although water pressure for HGA-I and HGA-IIa 
is nearly equal at each node, but the installation and repair costs with the HGA-IIa 
solution are more cost-effective than HGA-I or the rehabilitation plan devised using 
HGA-IIa was able to reduce total cost by approximately 11% in comparison with the 
HGA-I. The result indicates that proper selection of pipeline of trunk/limb mains and 
installation of an integrated pipeline is more effective way, not only in cost installation 
and repair and hydraulic view but also reducing pipeline number and length of main 
pipes and simplified network contribute to substantial reduction of labor, procurement 
and operation and maintenance costs.  
In addition, the application of this method may be appropriate for water 
authorities in planning rehabilitation and expansion of a water distribution network. 
They can easily to clarify the optimal pipeline and diameter of trunk/limb mains pipes 
in the network, and then replacement or expansion can be concentrated on the pipelines 
that will improve the overall network, without replacing all pipe mains. 
4.3.7 Conclusions 
This section proposes how to rehabilitate and expand the distribution network 
that meeting future water demand and also ensuring cost-effectiveness. The combination 
of TMR System and GA is applied to meeting the objectives. Replacement or 
reinforcement of the properly selected existing distribution mains is more effective than, 
and hydraulically preferable to, replacement of all mains for rehabilitation. On the other 
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hand, GA methodology has been used successfully for optimal design of pipe diameter 
of distribution network. Use of GA enables the complex design of WDN to be handled 
while presenting a minimum cost solution and accounting for hydraulic constraints. 
Achieving the objective of the concept, GA developed not only for proper selection of 
diameter pipe but also proper selection of pipeline mains. HGA-I addresses increasing 
water demand while HGA-IIa focuses on selection of trunk/limb mains pipelines. Water 
pressure proposed by HGA-I and HGA-IIa matches the pressure requirement standards 
with less difference at each node, nevertheless the installation and repair costs with the 
HGA-IIa solution are more cost-effective than HGA-I. The HGA-IIa by proper selection 
of pipelines and diameters of trunk/limb mains attained the purpose of the concept, not 
only meeting increasing water demand but also achieving cost-effectiveness and 
ensuring sufficient water pressure at each node. Reducing the number of pipes also 
contributes to a substantial reduction in labor, procurement, repair and operation and 
maintenance costs. In addition, the application of this method enables the water 
authority to clarify the most cost-effective pipelines and diameter of trunk/limb mains 
pipes in the network.  
 
4.4 PIPE DIAMETER BASED ON DEMAND ESCALATION 
4.4.1 Formulation of HGA-IIb 
Previous section has proposed pipelines and their diameter based on demand 
forecasting in 2090 or 80 years later. The purpose of applying HGA-IIb is to determine 
appropriate diameters for water demand (Q) in interim plan years (2030, 2050 and 
2070) as shown in Table 4.7. With the HGA-IIa result as starting point, these results will 
be used in studies feeding back the results in order from the distant future (t period) to 
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the near future (t-1 period), that is, from 2090 to 2070, from 2070 to 2050, and from 
2050 to 2030. Since the water demand volume is assumed to rise on a steady curve, 
such that the t-1 period volume will be less than the t period volume, downsizing 
diameter candidates will include the option of maintaining the same diameter. Table 4.8 
summarizes diameter option of HGA-IIb. 
Table 4.7 Node demand for HGA-IIb 
Node Q2030 (L/s) Q2050 (L/s) Q2070 (L/s) Node Q2030 (L/s) Q2050 (L/s) Q2070 (L/s) 
1 73.00 107.88 134.23 23 57.66 71.12 80.95 
2 109.80 156.58 191.76 24 27.04 33.13 37.60 
3 93.27 132.48 161.99 25 50.13 66.11 77.68 
4 36.97 56.12 70.61 26 22.78 30.69 36.33 
5 37.60 48.34 56.31 27 54.29 73.14 86.81 
6 49.58 61.96 71.11 28 14.54 20.32 24.51 
7 14.97 18.17 20.52 29 34.72 46.93 55.94 
8 29.47 36.96 42.50 30 21.73 28.74 33.98 
9 49.53 62.99 72.89 31 22.66 29.97 35.44 
10 21.56 29.80 35.96 32 27.32 36.13 42.72 
11 114.89 155.62 185.59 33 32.24 41.66 48.57 
12 78.03 110.20 134.03 34 24.43 31.65 36.93 
13 28.35 35.91 41.44 35 40.92 53.19 62.39 
14 54.90 68.57 78.77 36 15.92 19.01 21.10 
15 72.68 93.60 108.96 37 26.18 32.67 37.40 
16 41.44 53.54 62.36 38 23.51 28.59 32.39 
17 79.74 101.31 117.23 39 16.33 18.89 20.56 
18 22.23 28.53 33.12 40 23.81 27.06 29.69 
19 58.91 73.41 84.22 41 11.16 12.83 14.34 
20 7.60 9.27 10.56 42 10.29 10.96 11.38 
21 32.93 40.86 46.92 43 10.78 11.44 11.85 
22 16.17 19.57 22.19  
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Table 4.8 Diameter option of HGA-IIb 
Demand 
Diameter Options 
Option 1 Option 2 Option 3 Option 4 
2070 Diameter 2090 1 down 2 down 3 down 
2050 Diameter 2070 1 down 2 down 3 down 
2030 Diameter 2050 1 down 2 down 3 down 
 
Table 4.9 Diameter proposed by HGA-IIb based on demand escalation 
Pipe 
Pipe diameter (mm) 
Pipe 
Pipe diameter (mm) 
2030 2050 2070 2090 2030 2050 2070 2090 
1 1300 1300 1300 1300 36 400 450 500 600 
2 300 350 400 450 37 400 450 500 700 
3 1200 1200 1200 1200 40 600 700 700 800 
5 250 300 300 400 42 350 400 400 500 
7 250 250 300 350 44 350 400 400 500 
8 200 200 200 250 48 400 400 400 500 
9 300 400 400 450 49 400 500 600 700 
10 350 400 500 500 50 400 500 500 500 
11 400 450 500 600 52 250 300 300 350 
12 1000 1000 1000 1000 53 250 250 300 350 
13 1000 1000 1000 1000 54 200 200 200 300 
16 500 600 700 700 57 300 350 350 500 
18 450 500 600 700 58 300 300 350 400 
21 450 500 600 700 62 250 250 300 300 
23 400 500 600 700 64 150 200 200 250 
24 250 300 300 400 66 200 200 250 300 
25 300 350 350 450 69 300 350 350 450 
27 250 250 250 300 71 250 300 300 350 
29 300 300 350 400 75 150 150 200 250 
31 150 150 150 200 76 200 200 250 300 
33 300 400 500 600 77 150 150 200 200 
34 300 400 500 600 FV  2.238 2.161  2.024 1.788 
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The GA parameters of this result are equal to HGA-IIa where population and 
generation are set 1300 and 3000, while crossover and mutation are set at 0.8 and 0.03 
in respectively. As well as of HGA-I and IIa, this HGA is also to minimize total cost at 
each period and meeting the hydraulic function. 
 
 
 
 
 
 
 
 
 
Figure 4.17 Node pressure of HGA II-b 
 
 
 
 
 
 
 
 
 
Figure 4.18 Pipe velocity of HGAII-b 
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The results of applying HGA-IIb to the demand for the years 2070, 2050, and 
2030 are shown in Table 4.9 along with the diameters for 2090. Note that for HGA-IIb 
as well, the upstream pipe such as; Pipe 1, 3, 12 and 13 is substituted in case of 
pipelines that would become larger in the downstream, and this diameter is adopted as 
the suitable diameter for each year. While hydraulic verification of this HGA is 
summarized in Figure 4.17 and 4.18. The figures show that solution of HGA II-b 
matches the hydraulic requirements both of the pressure at each node and velocity at 
each pipe.  
4.4.2 Conclusions 
The HGA-IIb was proposed solution diameter for pipeline based on the 
demand escalation in 2030, 2050, and 2070. The solution is meeting the objective 
function and minimize total cost with the total solution space reach 3,02 x 1023. 
Obtaining the solution proposed by HGA-IIb would be far more difficult and 
time-consuming using the common method of network design with a number solution 
space.  
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CHAPTER 5 
UPGRADING PLAN OF PIPELINE DISTRIBUTION NETWORK 
 
5.1 LIFE CYCLE COST ANALYSIS (LCCA) 
5.1.1 Introduction 
In the early design process, Life Cycle Cost Analysis (LCCA) should be 
performed for assessing design alternatives over a particular time frame (King, 2011). It 
is a tool that can be used to identify the potential cost of project alternatives (Bonton et 
al., 2012). In the analysis, overall costs of the pipe design alternatives, including those 
for initial pipe installation, replacement, and leak repair to be required up to the year 
2090 are estimated with time escalation namely every 20 years. As well as in the 
previous section, to minimize the effects of price escalation then the present study 
assumes a social discount rate of 0% in the future (Zhang et al., 2013). The calculations 
of LCCA in this study cover the following four items: Material cost (Cm), Civil work 
cost (Cc), Leakage cost (Cl), and Demolition cost (Cd) (Bakri et al., 2012; Arai et al., 
2013a, b). Because of the difficulty of gathering sufficiently detailed data for the target 
area then each of these cost items was estimated below using the following assumptions 
based on the experience in Kota Makassar and rough calculation methods. At the end of 
the analysis, most reasonable and cost-effective solution that considers life span, quality 
and function of network is selected for the study area (Barringer, 2003). 
5.1.2 Pipe Installation 
Pipe installation costs include those for materials and civil work. The study 
assumes PVC, HDPE and DCIP as the pipe material alternatives with their life span are 
20, 40 and 80 years in respectively. They are common pipe installed in study area, and 
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also represent short, middle and long life span pipe. Material costs (Cm) depend on the 
pipe materials and sizes as shown in Table 5.1. As well as in Equation 4.8, civil work 
costs per meter (Cc) in study area are given as a function of material costs and 
coefficient ɑ, a fixed ratio tentatively assumed to be 0.3 as expressed in Equation 5.1 – 
5.3. 
Table 5.1 Material cost based on diameter 
Dia. (mm) 
Material Pipe (IDR x 10^6) 
DCIP HDPE PVC 
150 0.644 0.336 0.249 
200 1.151 0.608 0.402 
250 1.804 0.964 0.583 
300 2.606 1.405 0.790 
350 3.555 1.931 1.022 
400 4.635 2.543 1.277 
450 5.900 3.243 - 
500 7.296 4.031 - 
600 10.536 5.872 - 
700 14.375 8.072 - 
800 18.815 10.634 - 
900 23.856 13.560 - 
1000 29.500 16.854 - 
1200 42.602 24.554 - 
1300 50.060 - - 
( ) ( ) .....(5.1)c DCIP m DCIPC a C= ´  
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( ) ( ) .....(5.2)c HDPE m HDPEC a C= ´  
( ) ( ) .....(5.3)c PVC m PVCC a C= ´  
5.1.3 Leakage Repair cost 
 The number of accidents for DCIP pipe is assumed to take place after 
installation at a frequency of 0.5 points/km/year in the period of 20 years before its life 
span expires. HDPE and PVC is 2 points/km/year and 5 points/km/year in respectively. 
Note that leaks are assumed to occur starting in the second year after laying PVC and 
HDPE, and starting in the 61st year after laying DCIP pipes. Average costs required for 
a leakage repair (Cl) is assumed as a function of Cm, and Cc and fixed ratio (b), 
tentatively assumed to be 2.0. Furthermore, costs required for a leakage repair of each 
material is summarized in Equation 5.4 – 5.6.   
( )( ) ( ) ( ) .....(5.4)l DCIP m DCIP c DCIPC b C C= ´ +  
( )( ) ( ) ( ) .....(5.5)l HDPE m HDPE c HDPEC b C C= ´ +  
( )( ) ( ) ( ) .....(5.6)l PVC m PVC c PVCC b C C= ´ +  
5.1.4 Demolition Cost 
 Pipe should be demolished when it reach to the working life. Thus the present 
analysis also considers demolition of the existing pipes for estimation of the overall cost. 
The demolition cost per meter (Cd) is assumed to be proportional to civil work costs at 
the fixed ratio c, tentatively set at 0.5 as shown on Equation 5.7-5.9.  
( ) ( ).....(5.7)d DCIP c DCIPC c C= ´  
( ) ( ).....(5.8)d HDPE c HDPEC c C= ´  
( ) ( ).....(5.9)d PVC c PVCC c C= ´  
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5.1.5 LCCA Result 
The LCCA analysis can be carried out using Equation 5.1-5.9. The analysis 
will identify the overall potential cost of pipe material combination during upgrading 
project period. Three pipe materials are considered such as; DCIP with diameter range is 
from 150 to 1300 mm, HDPE is from 150 mm to 1200 mm and PVC is from 150 to 400 
mm. Here three cases are considered for installed pipe based on the pipe materials and 
diameter required at installation time. The 42 pipelines other than pipeline 1 can be 
combined in any of the three ways as following: 
- Case 1. This case consists of 13 pipes, namely, Pipe 3, 11, 12, 13, 16, 18, 21, 
23, 36, 37, 40, 49 and 50. These pipes are possible to be installed by two 
scenarios of pipe material such as installation by DCIP pipe and HDPE 
pipe. 
- Case 2. Pipe 2, 9, 10, 25, 33, 34 42, 44, 48, 57, and 69 are possible to be 
installed by three scenarios, namely by DCIP, HDPE and combination of 
PVC and HDPE pipe. 
- Case 3. In this case, a pipe could be installed by DCIP, HDPE, PVC, 
combination of HDPE and PVC or combination of PVC and HDPE pipe. 
Pipe 5, 7, 8, 24, 27, 29, 31, 52, 53, 54, 58, 62, 64, 66, 71, 75, 76 and 77 
included in this case.  
As example of LCCA analysis can be verified in the Table 5.2. This table 
shows a typical pipeline combination for each of the three cases and the total life cycle 
cost (LCC) (though it must be noted that the combinations with the minimum LCC in 
each case will not necessarily be those shown in the table). From these typical pipeline 
combinations, we can see that in cases 1 and 2, upgrading to medium- and 
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large-diameter DCIP pipes has the greatest benefit for overall life cycle. In case 3 on the 
other hand, upgrading to HDPE with a life cycle of 40 years is the most effective 
choice. 
Table 5.2 Result of LCCA 
Case Pipe Material 
Installation time LCCA 
(x106) 20 40 60 80 
1 
3, 11, 12, 13, 16, 18, 
21, 23, 36,37,40, 49, 
50 
DCIP  15631.6 
HDPE+HDPE   21203.3 
        
2 
2, 9, 10, 25, 33, 34, 
42, 44, 48, 57, 69 
DCIP  5314.7 
HDPE+HDPE   5465.7 
PVC+PVC+HDPE    5393.3 
        
3 
5, 7, 8, 24, 27, 31, 
52, 53, 54, 58, 62, 
64, 66, 71, 75, 76, 
77 
DCIP  6969.9 
HDPE+HDPE   6629.9 
HDPE+PVC+PVC    6674.2 
PVC+PVC+HDPE    7206.7 
PVC+PVC+PVC+PVC     7250.9 
 
 
 
 
 
 
D1000 = 15631.6 
D1000 = 10096.0 D1000 = 11107.3 
D450 = 5314.7 
D350 = 2163.01 
D450 = 3302.7 D300 = 611.6 
D450 = 3302.7 
D350 = 1178.99 
D350 = 6969.9 
D250 = 1463.8 
D350 = 4279.1 D250 = 2350.8 
D250 = 2350.8 D300 = 1984.1 D350 = 2339.2 
D250 = 1463.8 D350 = 4279.2 
D250 = 1463.8 D250 = 1463.8 D350 = 2339.2 D300 = 1984.1 
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5.1.6 Conclusions 
LCCA is one of method for identification of potential cost of a project 
alternative. It should be performed in the early design process. By this analysis the 
overall cost of the pipe design alternatives, including those for initial pipe installation, 
civil work, replacement, and leak repair can be estimated. Proper selection diameter and 
material pipe based on demand escalation are the objective of this analysis. The end of 
this analysis will propose the overall typical pipeline combination for each pipe. Thus it 
is capable to assist engineer in selecting the most cost effective of the many pipe 
installation combination. The result indicates that large-diameter trunks and 
middle-diameter limbs it is more cost-effective to install DCIP pipe. In the other hand, 
small diameter trunk/limb mains is more cost effective to install by HDPE pipe. 
 
5.2 INTEGER PROGRAMING (IP) 
5.2.1 Introduction 
Facilitating combinatorial optimization problem of LCCA analysis can be 
formulated by means of mathematical programming. Meeting of this objective, we 
propose to apply Integer Programing (IP). IP can be applied for solving large problems 
in real-life situations (Wedelin, 1995) such as; electrical sector (Sarma and Rao, 1995; 
Borghetti, 2013), industry (Claasen, 2014), energy (Zhang et al., 2014), aerospace 
(Ozgur and Cavcar, 2013). In water utility sector, there are numerous studies have been 
proposed to describe capability of IP for optimization. Hughes et al. (1976) show 
capability of IP in solving water resources problem. Water supply in the study was 
modeled as a mixed integer problem while water quality was an all integer problem. To 
solve the problem the authors used to integers programing algorithms. Randall et al. 
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(1997) presented an IP model to be used for water supply planning. The model was 
demonstrable advantages of IP in a long-term planning for water network. Agha (2005) 
proved that IP is capable to be applied in management of water quality. The study 
developed IP to identify the combination of wells along with the amounts of water from 
beach well that upon mixing would result in minimizing the amounts of chlorides and 
nitrates. In this study, new IP model is formulated to select the most effective 
installation scenarios pipe considering pipe material and diameter based on the demand 
escalation as proposed by LCCA (Arai et al., 2014). 
5.2.2 IP model 
An IP model expresses the optimization of a linear function where some or all 
decision variables are set to be integers (Bosch and Trik). An IP with decision variables 
in all integers is called pure IP model (Wiesemann, 2009). While if an IP model in 
which only some variables in integer is called mixed integer programing model 
(Borgetti, 1998). In addition, an IP model in which all the variables should be equal 0 or 
1 then is called 0-1 IP (Ulker and Landa-Silva, 2010).  
5.2.3 Decision Variable 
Because of many combination of material and diameter pipe as prepared by 
LCCA then the objective of IP model is set to select the most cost-effectiveness 
combination of pipe material and diameter at each pipe.  
Table 5.3 installation time alternatives 
Installation time 
Material pipe 
20 years later 40 years later 60 years later 80 years later 
X11 DCIP 
X12 X13 HDPE 
X14 X15 X16 X17 PVC 
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The pipe installation alternatives based on the life span of material pipe are 
expressed in the Table 5.3. Where X11 represents pipe installation by DCIP pipe, X12 and 
X13 are pipe installation by HDPE pipe at the 1st and 2st period in respectively, while 
pipe installation by PVC pipe at 1st, 2st, 3st and 4st period are represented by X14, X15, X16 
and X17 in respectively. The simple statement of IP model in this study is as following in 
the equations below: 
Objective function: 
Min 1 1 2 2 3 13 4 14 5 15 6 16 7 17 .....(5.13)c x c x c x c x c x c x c x® + + + + + +  
Subject to: 
11 12 14 1 0.....(5.14)x x x or+ + =  
11 12 15 1 0.....(5.15)x x x or+ + =  
11 13 16 1 0.....(5.16)x x x or+ + =  
11 13 17 1 0.....(5.17)x x x or+ + =  
Installation cost is represented by c. We will use a 0-1 variable for each 
installation alternatives. 1 means we will select as the solution or make investment 
while 0 is otherwise (Fetanat and Shafipour, 2011). For instance, logical restriction in 
equation 5.14-5.17 above can be explained as following below:  
1. In case, if investment X11 is made, then investment X12 and X14 cannot be 
made or 0. It affects others equations, which are X15, X13, X16 and X17 cannot 
be made thus the solution in this case is installation by DCIP pipe or X11. 
2. If X12 in Equation 5.14 is made then X11 and X14 cannot be made. 
Automatically, X15 also cannot be made. The rest problem is the installation 
in the last 40 years period. In case of X13 in Equation 5.16 is selected then 
X16 and X17 is cannot be made thus solution of this case is installation by 
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HDPE pipe or X12 and X13. Otherwise, if X16 is made then X13 cannot be 
made, and solution of this case is combination of HDPE and PVC pipe or 
X12, X16 and X17. 
3. If X14 is made then the solution of the first 40 years period is installed by 
PVC pipe or X14 and X15. In the last 40 years period, the rest problem is 
installation by PVC or HDPE. In case of X13 in Equation 5.16 is made, then 
the solution is installation by combination of PVC and HDPE pipe or X14, 
X15 and X13. Otherwise, if X16 is made then the solution is X14, X15, X16 and 
X17 or installation by PVC pipe.  
Statistical Analysis Software (SAS) is applied to solve problem of IP model as 
shown in the logical restriction above.  
5.2.4 Comparative model installation 
To verify and evaluate the solution proposed by IP model, we list pipe 
installation scenario based on diameter and material of pipe installed. The scenarios try 
to present some of the many alternatives that can be practiced in the study area. Each 
scenario can be explained as following:  
1. Scenario 1: All pipe installed by DCIP pipe 
2. Scenario 2: All pipe installed by HDPE Pipe.  
3. Scenario 3: Combination of DCIP and HDPE Pipe, larger than 500 mm to 
be installed by DCIP, and 500 mm or less is by HDPE. 
4. Scenario 4: Combination of DCIP and PVC Pipe, 400 mm or more is 
installed by DCIP, and less than 400 mm is by PVC. 
5. Scenario 5: Combination of HDPE and PVC Pipe, 400 mm or more to be 
installed by HDPE, and less than 400 mm is by PVC. 
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6. Scenario 6: Combination of DCIP, HDPE and PVC Pipe. 500 mm or more 
is to be installed by DCIP pipe, 400 mm or more and less than 500 mm is 
installation by HDPE pipe, and less than 400 mm by PVC pipe. 
5.2.5 IP Model Result 
In this case, a pipe is available to be installed by PVC, HDPE, and DCIP pipe or 
combination of PVC and HDPE pipe. At the same time, pipe diameter selection based 
on demand escalation is also decision variable of this model. A pipe enables to be 
installed for meeting water demand in 20, 40, 60 and 80 years later or combination of 
these escalation times. To carry out the most effective solution of all these variables 
would be far more difficult and time-consuming using the common method of the 
network design. The IP model is presented as a tool to find feasible and the 
most-effective solution for any available set of pipe installation scenario. Moreover, it is 
an innovative method for water authority in replacement plan that considering pipe 
material, diameter and installation time. Finally, the pipe installation method that 
proposed by IP is summarized on the Table 5.4. Since pipeline 1 is an interconnecting 
pipeline joining the water distribution network to the storage reservoir, it is excluded 
from this study. 
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Table 5.4 Solution proposed by IP 
 
Pipe 
Installation time Total cost 
(IDRx10^6) 
Pipe 
Installation time T. cost 
(IDRx10^6) 2010-2030 2030-2050 2050-2070 2070-2090 2010-2030 2030-2050 2050-2070 2070-2090 
2 D450=7,331.0 7,331.0 36 D600=21,074.8 21,074.8 
3 D1200=45,147.4 45,147.4 37 D450=2,832 D700=6,407.2 9,239.1 
5 D300=1,457.9 D300=844.6 D400=1,244.2 3,546.7 40 D800=36,388.4 36,388.6 
7 D250=2350.8 D350=4279.1 6,629.9 42 D500=1,932.9 1,932.9 
8 D250=5,497.4 5,497.4 44 D500=4,349.1 4,349.1 
9 D450=11,606.1 11,606.1 48 D500=7,441.8 7,441.8 
10 D500=4,639.1 4,639.1 49 D500=5,578.7 D700=10,154.7 15,733.4 
 11 D600=22,861.3 22,861.3 50 D500=966.5 966.5 
12 D1000=15,631.7 15,631.7 52 D350=1,412.8 1,412.8 
13 D1000=37,125.2 37,125.2 53 D250=1,270.7 D350=2313.0 3,583.8 
16 D700=21,898.9 21,898.9 54 D200=661.4 D200=449.9 D300=806.8 1,917.9 
18 D500=9,629.9 D700=17,529.0 27,158.9 57 D300=871.4 D350=1,127 D500=3,923.8 5,922.2 
21 D500=996.2 D700=1,813.3 2,809.5 58 D300=879.4 D350=658.8 D400=750.5 2,288.6 
23 D500=5,977.2 D700=10,880.1 16,857.2 62 D300=1,725.8 1,725.8 
24 D300=3,702.5 D300=2,145.0 D300=3,159.9 9,007.5 64 D250=1,577.5 1,577.5 
25 D450=5,314.6 5,314.6 66 D200=501.1 D300=1,051.7 1,522.8 
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Table 5.4 (Continued) 
Pipe 
Installation time Total cost 
(IDRx10^6) 
Pipe 
Installation time T. cost 
(IDRx10^6) 2010-2030 2030-2050 2050-2070 2070-2090 2010-2030 2030-2050 2050-2070 2070-2090 
27 D300=2,450.7 2,450.7 69 D450=9,613.1 9,613.1 
29 D300=2,337.2 D350=1,751.1 D400=1,994.7 6083.0 71 D350=1,883.8 1,883.8 
31 D150=276.7 D200=455.5 732.2 75 D150=873.5 D250=3,079.6 3,953.1 
31 D300=670.3 D400=1083.2 D600=4,397.3 6,150.9 76 D200=1072.3 D300=2250.6 3,323.0 
33 D300=469.2 D400=758.3 D600=3,078.1 4,305.6 77 D150=985,2 D200=1,621.5 2,606.6 
Sub total 273,536.4 Sub total 149,208.8 
Total cost = 422,745.2 
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When pipes with short life cycle are selected, diameter shall be upgraded in 
phases to meet water demand. This approach, therefore, comes with the burden of 
frequent upgrades. Selecting long life cycle pipes at an early stage in the project, on the 
other hand, requires laying pipes with large enough diameters to meet expected future 
demand increases and may result in an uneconomical design. After studying the optimal 
combination of pipe materials for each pipeline in the main pipeline network, long life 
cycle DCIP was selected as being the optimal material for upgrading 23 of these 
pipelines, namely, Pipe 1, 2, 3, 8, 9, 10, 11, 12, 13, 16, 25, 27, 36, 40,42, 44, 48, 50, 52, 
62, 64, 69 and 71. The result indicates that more than half of the total number should be 
installed by DCIP Pipe. There are 10 pipes suggested to be installed by HDPE Pipe such 
as; Pipe 18, 21, 23, 31, 37, 53, 66, 75, 76 and 77. Pipe 5, 24, 29, 54 and 58 suggested by 
combination of HDPE and PVC Pipe. While combination of PVC with HDPE was 
proposed for Pipe 33, 34, and 57. In addition, the solution shows that Pipe 1, 3, 12, 13, 
40, 42, 44, 69, 71, and 75 should be installed by DCIP pipe (long life span material), it 
indicates that these pipes are line for trunk mains. In other hand, the result also suggests 
that in case of large diameter is more efficient to be installed by long life span material. 
Contrary with short life span is not suggested by this model for trunk/limb main due to 
require large cost in replacement and maintenance. IP model solution is line with TMR 
concept, is that a trunk main pipe should be installed by long life span both of material 
and diameter pipe for ensuring cost effectiveness and meeting unexpected future water 
demand. Furthermore, Figure 5.1 is presented to verify and evaluate the effectiveness of 
solution that proposed by IP. The figure clarify that this method is effective, not only 
fast and easy to be applied but also able to ensure the most cost-effective solution of the 
many installation scenarios.  
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Figure 5.1 Comparative method 
5.2.6 Conclusions 
In early processes, a GA was performance to select the diameter and pipeline 
for each demand escalation. In addition, LCCA also was performed to identify the 
potential cost of project alternatives. This section presented IP as part of an automated 
decision support tool for rehabilitation and expansion of water distribution system. The 
objective function is minimized cost for installation pipe. New IP model is formulated 
to select the most effective combination of pipe material and diameter at each pipe 
based on the demand escalation. To verify and evaluate the solution proposed by IP 
model, we tried to present some of the many pipe installation scenarios that can be 
practiced in the study area. The result proves that IP model is effective as a toll for 
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designing installation pipe, not only fast and easy to be applied but also able to ensure 
the most cost-effective solution of the many installation scenarios. IP model solution is 
also line with TMR system namely installation trunk main pipe should be in long life 
span pipe both of diameter and material pipe for ensuring cost effectiveness and 
meeting increase water demand. While short life span material is not suitable for 
trunk/limb mains pipe due to require large cost in replacement and maintenance. 
 
5.3 UPGRADING PLAN BASED ON BUDGET CONSTRAINT 
5.3.1 Introduction 
Section 5.2 proposed solutions if there was not budget limitation on the 
rehabilitation and expansion network in the early stage or at each project period. 
However, since there are upper limits on the pipeline upgrading budgets in each project 
period, it is hardly to upgrade all the main pipelines in a single period. In recently, the 
challenge of distribution network design is not only optimization of pipeline distribution 
network but also in renewal plan method that maximize budget allocation in each 
project period. Dandy and Engelhard (2001) demonstrated a methodology for 
replacement method of the water supply system. GA technique used to find optimal 
schedule of replacement. The result proposed scheduling for replacement of pipeline 
based on the budget constraint. There are three model steps developed to meet the 
objective. Single time step is to determine whether the pipe requires immediate 
replacement. Multiple time step introduce when the scheduling should be done and fit 
the budget constraint. Multiple time step with changing diameter is to ensure that 
solution proposed by step 1 and 2 meet the hydraulic standard. If there were solutions 
did not meet the hydraulic standard than this step will include changing diameter 
 
127 
 
variable. However, selection of material and diameter pipe had not been discussed of 
this paper. Luong and Fujiwara (2002) developed a mathematical model to ascertain 
optimal funds for pipe repair maintenance. A lagrangian relaxation method was applied 
to find the optimal solution. Solution of this method only proposes a method to optimize 
fund allocation for pipe repair maintenance. Sayed and Mohamed (2013) developed a 
model to assist renewal plan for water network. Two procedures of selecting 
rehabilitation alternatives were applied to produce renewal plans according to budget 
availability. The first is breakage rate, four rehabilitation alternatives are identified for 
this procedure such as: (1) replacement if the water main has a high breakage rate; (2) 
splining for moderate rate; (3) cement lining and cathodic protection for low breakage 
rate; and (4) not action for a good condition of water mains. The leakage number per km 
per year used to identify rehabilitation method of this procedure. The second procedure 
is condition assessment. Three criteria assessment was addressed; (1) critical water main, 
which need immediate replacement; (2) poor water mains, where major rehabilitation is 
needed; and (3) moderate water mains, which need reassessment. Based on the two 
procedures, rehabilitation of water mains was scheduled with consideration budget 
allocation for each method. Analytic hierarchy process based on priority index was 
applied to meet the objective. As well as of the two previous studies, this paper also did 
not consider selection of material and diameter pipe on the scheduling process. 
A method of pipeline replacement method is proposed in this section. This 
method accounts for budget constraints during each period of the plan. It also selects the 
most cost-effective diameter and material pipe that to be installed during the project 
period as well. Optimizing pipeline distribution and renewal plan at the same times is 
seemed more complicated and requires more approaches. Thus multi-step HGA, IP and 
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LCCA established to tackle the complexity. This study will be proceed by combining 
the following two approaches. The first is using the IP model solutions to meet the 
water demands of each fiscal year while also minimizing LCC in upgrading each 
pipeline. The second is applying HGA-III to maximize average water pressure in the 
water distribution network in each fiscal year while taking into account the pipeline 
upgrading budget constraints in each project period (Arai et al., 2014).       
5.3.2 Formulation of HGA-III 
 HGA for meeting water demand, selection Trunk/Limb Main pipes and 
designing diameter pipe based on the demand escalation have been proposed in the 
previous chapter (Chapter 4). Section 5.2 also obtained optimal pipe material 
combination for minimizing LCC while meeting water demand in each project period. 
The assumption from this result that there were no limit on the pipeline upgrading 
budget in each project period, a plan that upgrades pipelines with the selected pipe 
materials as needed would be a most economically viable. How about if there is a 
budget limitation for rehabilitation and expansion of WDN? What kind scenario we 
have to apply? Since the calculations of IP model solutions consider only minimization 
of costs, each pipeline can be handled individually. It is necessary, however, to satisfy 
the hydraulic conditions for the pipeline network as a whole. What is needed is not 
optimization for each pipeline but overall optimization taking into account the 
interrelation of pipelines with each other. Accordingly, optimization of a phased pipeline 
upgrading plan requires an approach making use of HGA with built-in pipeline network 
analysis. This study therefore takes “amelioration of the inadequate water pressure 
problem” as a measure of the effectiveness of upgrading under budgetary constraints. 
We propose a new GA model (HGA-III) as a model for deciding the sequence of 
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pipeline upgrading that will maximize average water pressure inside the water 
distribution network. 
5.3.2.1 Study area and project phase 
As well as in previous section, target area of this method is Somba 
Opu Distribution System. We assumed that the current pipe materials are DCIP 
for diameter 450 and larger, HDPE for 350 to 400, and PVC for 300 and 
smaller as shown in the Figure 5.2. Exceptions are pipelines 16 and 49, which 
are DCIP. As in the previous section, pipeline 1 is also excluded from this 
section. The components covered in the following are therefore a network of 43 
nodes and 42 pipelines with exception Pipe 1. Water demand forecast at each 
node are the same as for the study of a phased pipeline diameter enlargement 
project in the previous chapter. 
A pipeline upgrading plan divided into four phase (each with 20 year 
project period). Phase 1 is assumed to be meeting increasing water demand 20 
years later or in 2030. Starting in the end of 2030, phase 2 is to address meeting 
water demand in 2050, while phase 3 and 4 for meeting water demand in 2070 
and 2090 in respectively.  
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Figure 5.2 Existing material pipes 
5.3.2.2 Diameter options and objective function 
Table 5.5 Diameter option of HGA-III 
Phase 
Diameter Options 
Option 1 Option 2 
1 Diameter Existing IP(1) 
2 Diameter Existing IP(2) 
3 Diameter Existing IP(3) 
4 Diameter Existing IP(4) 
   
Binary Number 0 1 
The objective function (TP) of model HGA-III is the average water 
pressure across all nodes within the water distribution network with keep 
minimum pressure at each node is 17 m and maximum velocity at each pipe is 
= DCIP = HDPE = PVC 
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3 m/s. The options for pipeline i in project period t can be considered to be 
either 1) not upgrading the pipeline but continuing to use it while repairing 
leaks, etc. (diameter: same as existing [(1)]), or 2) replacing it with a new 
pipeline (diameter: that determined by LCCA analysis [(2)]) as envisaged in 
Table 5.5. 
 Expressing the former case as xi t=0 and the latter as xi t=1, we set as a 
constraint that the budget for one period (=20 years) must not be exceeded. For 
the entire project period T, we proceed to treat this as a problem of maximizing 
average water pressure in each period. In other words, the budget for each 
period will be approximately 1/4 of the total LCC obtained for IP(1) minus cost 
of pipe 1 or 422,745 x 106 divided 4 than the budget constraint in each period 
is 100,000×106 (cost in IDR). 
The maximization problem is calculated progressively for t=1LT 
below. 
Maximize      
1
1 .....(5.18)P
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n =
= å    
Subject to     0 1 ( 1... , 1... ) .....(5.19)tix or t T i n= = =  
1
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i i
i
C x
=
× £å C  t (t=1…T) …..(5.20) 
Where Ci t (0) and Ci t (1) are the leak repair costs and upgrading 
costs for pipeline i in project period t, while C  t  is the total upgrading budget 
in period t. In equation (5.20), Ci t (0) is the leakage repair cost. Ci t (0) is Cl 
for the current diameter. Ci t (1) are values based on pipe material calculated 
for Cm, Cc, Cl, and Cd for upgrade pipeline diameter (2) and Cd of existing 
diameter (1). 
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5.3.2.3 Penalty function 
Note that in applying HGA-III to the above maximization problem, 
this study takes into account the budget overrun value p indicated in Equation 
5.21. A penalty is assessed based on the size of this value p. The actual value of 
fitness f weighted by this budget overrun penalty is defined in Equation 5.22. 
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 (5.22) 
Fitness penalties are assessed as in equation (5.22) as follows. If, for 
example, ΔC1 and ΔC2 are set as 103 and 104, then if the budget overrun value p 
is 103[×106Rp] or less, TP is used as fitness f. If p is between 103[×106Rp] and 
104[×106Rp], a penalty is assigned such that fitness is 1/10; and if p is above 
104[×106Rp], the penalty lowers fitness to 1/100. These settings do not mean 
that the GA solutions in this study will always meet the budget constraints of 
equation (5.20). A feature is that budget overruns of around ΔC1 (e.g., more or 
less than 1% of the budget amount) are allowed. 
5.3.2.4 GA Parameter 
The GA parameters set in HGA-III are population 1300, generations 
3000, crossover 0.03, and mutation rate 0.8. 
5.3.3 Multi step pipeline upgrade planning model 
To what pipe materials and diameters should pipelines be upgraded in which 
project period? To solve this problem we proposed a process consisting of the six steps 
below, combining IP model solutions and HGA-III. In this study we define the process 
as a multi-step (MS) pipeline upgrade planning model. 
 
133 
 
a. First, we calculate the LCC for each pipeline as in the earlier Table 5.4 (Cm, 
Cc, Cl, and Cd of the pipelines to be upgraded) and we said it as LCCA(1). 
Next we select the combination of upgrade pipe materials that will give the 
smallest LCCA on each pipeline in the project period (a total of 80 years) 
(the IP model solution, called IP(1) hereafter). 
b. Preparing diameter candidates for phase 1 or HGA(1). Option 1 is existing 
diameter, cost function of each pipe of this option is calculated by Equation 
5.20 that only consider demolition and leakage repair cost for one project 
period (2010 to 2030). While option 2 is result of IP(1). Its cost function 
comes from installation cost (material and civil work cost) and leakage 
repair cost for one project period. Remember that in option 2, leakage 
repair cost for new pipe DCIP is not included in cost function of this phase 
due to pipe leaks for DCIP pipe was estimated to take place after 60 years 
installation.    
c. Applying HGA-III, we select upgrade pipelines that will maximize average 
water pressure in the pipeline network in the first period of the project 
(2010 to 2030) (HGA III(1)). If as a result the maximum fitness values 
(average water pressure) determined by HGA-III are the same, the upgrade 
pipeline is selected by the following procedure: 
-  If the fitness values are the same, the numbers of the upgrade 
pipelines are focused to select option. The larger the number is than 
the better the option. 
-  If both the maximum fitness values and number of pipelines to 
upgrade are identical, the solution having the smallest gap between 
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the derived pipeline upgrading costs and the pipeline upgrading 
budget is selected. 
 The above procedure is designed to select the option in which the 
number of pipelines to be upgraded is the largest and the available pipeline 
upgrading budget can be used to the maximum. 
d. For pipelines that do not get upgraded in the first project period, the LCC is 
calculated similarly to step a) above. Then we select a new combination the 
combination of upgrade pipe materials that will give the smallest LCC on 
each pipeline in the remaining project period (60 years total) (IP(2)). 
e. Preparing diameter candidates and applying HGA-III as in step b) above 
(HGA-III(2)), we select upgrade pipelines that will maximize average water 
pressure in the pipeline network in the second period of the project (2030 to 
2050). As diameter options for HGA-III(2), the two candidates (present 
diameter and result of IP(2)) are used. 
f. Calculation of IP model solutions and application of HGA-III continue to 
be repeated thereafter. Through this process we select in sequence the 
upgrade pipelines that will maximize average water pressure in the water 
distribution network in each project period, while taking into account the 
pipeline upgrading budget constraints in each period. 
The 42 pipelines that are the object of the studies are all represented by 1 bit 
(binary). The genetic length of one population is 42. The size of the HGA-III solution 
space (combinations of solutions) is therefore approximately 4,400,000,000,000 (=242). 
Furthermore, the MS pipeline upgrade planning model method is summarized in the 
Figure 5.3.   
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Figure 5.3 MS pipeline upgrade planning model
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5.3.4 MS pipeline upgrade planning result 
The sequence of upgrading pipelines during each project period is obtained in 
Figure 5.4 and Table 5.6. As result of the figure and table, there are 19 pipes were 
proposed to be upgraded for phase 1 of project period with upgrading budget is 100,867 
x 106. It is taking into account the budget constraints, where the excess of budget plan to 
the budget constraint is less than 1%. Pipe 2, 9, 16, 42, 44, 48, 50, 52, 64 and 69 were 
proposed to be installed by DCIP. Because life span of those pipes have covered overall 
project period (80 years) than the pipes will not be included for the next upgrading plan. 
While the others pipes such as; Pipe 5, 7, 18, 21, 24, 29, 37, 49, and 58 proposed by 
HDPE pipe. The pipes will be included for upgrading plan by Phase 3 of project, or 
after 40 years later of Phase 1. Judging from Table 5.6 we can also know that material 
for pipe selected in phase 1 is equal to material pipe that proposed by IP(1). In Phase 2, 9 
pipes is proposed to be upgraded in this phase with total budget reach 99,872 x 106, it is 
also meeting the budget constraint due to the shortage of total cost to the budget 
constraint is less than 1%. Pipe 3, 23, and 36 are proposed to be installed by DCIP, Pipe 
71 by HDPE and Pipe 33, 34, 57, 62 and 77 by PVC. Material for Pipe 3, 33, 34, 36 and 
57 is equal to material that proposed by IP(1). However, there are differences pipe 
material proposed by IP(1) with HGA-III in this project period. Pipe 23 and 77 are as of 
HDPE to DCIP and PVC and Pipe 62 and 71 are DCIP to PVC and HDPE in 
respectively. 17 pipes were proposed to be upgraded in Phase 3 of project period with 
total budget is 100,333 x 106. Most of their material is HDPE except Pipe 12 by DCIP 
and Pipe 5, 24 and 58 by PVC. Material for Pipe 25, 40, and 62 in IP(1) solution is not 
equal to solution of this project phase, changing from DCIP to HDPE. And the last 
project period, 12 pipe numbers were proposed to be upgraded and the most is installed 
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by PVC pipe, with exception of Pipe 10, 11, and 13 by HDPE. Total cost at the end of 
this period is only 69,286 x 106.   
 
 
 
 
 
 
 
 
                   
   
 
 
 
 
 
 
 
Figure 5.4 Upgrading schedule by MS pipeline upgrade planning model 
 
 
 
 
Phase 1 Phase 2 Phase 3 Phase 4 
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Table 5.6 Comparative upgrading plan of existing system, IP model and MS pipeline upgrade planning model 
Pipe 
Existing system IP Model MS pipeline upgrade planning model 
Diameter Material 2010-2030 2030-2050 2050-2070 2070-2090 2010-2030 2030-2050 2050-2070 2070-2090 
2 D 200 PVC   
3 D 1000 DCIP    
5 D 200 PVC       
7 D 200 PVC     
8 D 300 PVC    
9 D 300 PVC   
10 D 500 DCIP    
11 D 500 DCIP    
12 D 900 DCIP    
13 D 1000 DCIP    
16 D 400 DCIP   
18 D 400 HDPE     
D 450 D 450 
D 1200 D 1200 
D 300 D 300 D 300 D 400 D 300 D 400 
D 250 D 250 D 350 D 350 
D 450 D 450 
D 500 
D 1000 
D 1000 
D 500 
D 600 D 600 
D 1000 
D 250 D 250 
D 1000 
  
D 700 D 700 
D 500 D 700 D 500 D 700 
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Table 5.6 (continued)  
Pipe 
Existing system IP Model MS pipeline upgrade planning model 
Diameter Material 2010-2030 2030-2050 2050-2070 2070-2090 2010-2030 2030-2050 2050-2070 2070-2090 
21 D 400 HDPE     
23 D 400 HDPE     
24 D 200 PVC       
25 D 350 HDPE    
27 D 350 HDPE    
29 D 200 PVC       
31 D 350 HDPE     
33 D 350 HDPE       
34 D 400 HDPE        
36 D 400 HDPE    
37 D 400 HDPE     
40 D 700 DCIP    
 
D 500 D 700 
D 500 D 700 D 700 
D 300 D 400 D 300 D 300 D 300 D 400 
D 450 D 450 
D 300 D 300 
D 350 D 400 D 300 D 350 D 400 D 300 
D 150 D 200 D 200 
D 400 D 400 D 300 D 600 D 600 
D 400 D 300 D 600 D 400 D 600 
D 600 D 600 
D 500 D 700 D 500 D 700 
D 800 D 800 
D 500 D 700 
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Table 5.6 (continued)  
Pipe 
Existing system IP Model MS pipeline upgrade planning model 
Diameter Material 2010-2030 2030-2050 2050-2070 2070-2090 2010-2030 2030-2050 2050-2070 2070-2090 
42 D 350 HDPE   
44 D 350 HDPE   
48 D 350 HDPE   
49 D 400 DCIP     
50 D 350 HDPE   
52 D 150 PVC   
53 D 300 PVC     
54 D 250 PVC      
57 D 300 PVC       
58 D 250 PVC       
62 D 250 PVC     
64 D 200 PVC   
 
D 500 D 500 
D 500 
D 500 D 700 D 500 D 700 
D 500 D 500 
D 350 D 350 
D 250 D 350 D 350 
D 200 D 300 D 200 D 300 
D 500 D 250 D 350 D 350 D 500 
D 500 D 500 
D 500 
D 350 D 400 D 300 D 350 D 400 D 300 
D 300 D 250 D 300 
D 250 D 250 
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Table 5.6 (continued) 
Pipe 
Existing system IP Model MS pipeline upgrade planning model 
Diameter Material 2010-2030 2030-2050 2050-2070 2070-2090 2010-2030 2030-2050 2050-2070 2070-2090 
66 D 300 PVC     
69 D 300 PVC   
71 D 250 PVC    
75 D 300 PVC     
76 D 250 PVC     
77 D 150 PVC      
 
Note: 
 
 
 
 
 
 
 
D 300 D 200 D 300 
D 450 D 450 
D 300 D 300 
D 250 D 150 D 250 
D 300 D 200 D 300 
D 250 D 150 D 150 D 200 
= Existing pipe 
= PVC pipe 
= HDPE pipe 
= DCIP pipe 
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The node water pressure in each period obtained with the pipeline upgrade 
planning model is as shown in Figure 5.5. In order to verify that the maximization of 
average water pressure at all nodes, set as the objective function of this model, 
functioned as intended, we conducted pipeline network analysis to determine the water 
pressure in each project period, given in Table 4.8 and Figure 4.17 of the previous 
section (see Figure 5.6). Comparing Figure 5.5 and 5.6, the nodal water pressures in the 
fourth project period are almost equal as the pipeline diameters in the final fiscal year of 
the project, confirming that the results are the same in both figures. Differences are seen, 
on the other hand, between the figures in the third period and earlier. In Figure 5.5 the 
nodes divide into those with high water pressure and those with low pressure. In Figure 
5.6, however, we can see that the differences are not significantly large. This model can 
therefore be seen as a means of equalizing water pressure at each node in a water 
distribution network. 
 
 
 
 
 
 
 
 
 
 
Figure 5.5 Pressure at each node based on MS pipeline upgrade planning model 
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Figure 5.6 Pressure at each node based on HGA-IIb 
Next, let us look at the pipeline upgrading costs in each of the four periods of 
the project, through a comparative study by analyzing a case where budget constraints 
in each period were ignored as indicated in Figure 5.7. If there were no budget 
constraints (IP(1)) and all necessary main pipeline upgrading was performed in the first 
20-year period, the upgrading costs would amount to IDR 321,4×109, what a large 
preliminary cost for study area. It is maybe hard to be applied. In addition, there would 
also be a need to budget for upgrading of pipe materials with short life cycle in the 
second and subsequent periods. With the MS pipeline upgrade planning model, on the 
other hand, since budget limits can be set for each period, the upgrading costs can be 
equalized over the entire project period. Total cost of Phase 1 as proposed by the model 
is 100.9×109, or reducing approximately 68% of IP(1). Note that in the first and third 
project periods, solutions are selected that exceed the budget for that period, reflecting 
the feature of HGA-III whereby overruns of less than 1% of the budget are allowed. 
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What about total LCC in the entire project period? The total cost when budget 
constraints are ignored is 422.7×109(IDR), whereas with the MS pipeline upgrade 
planning model the amount is 370,3×109(IDR). In other words, an upgrading plan that 
extends the life of existing pipelines ends up saving approximately 12% of costs. 
The MS pipeline upgrade planning model proposed in this study can thus be 
seen as capable of minimizing total LCC in the project period while also maximizing 
average water pressure in the water distribution network. In these ways it has been 
shown to be a tool that can support planning in the areas of selecting the combination of 
pipe materials and deciding the upgrading sequence.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Comparative costs of IP1 and MS pipeline upgrade planning model 
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5.3.5 Conclusions 
The objective of the this section is to formulate a pipeline upgrading plan able 
to cope with future change in water demand and considering budget allocation plan of 
each project period. We made improvements in the original models for this study, 
proposing a Multi-Step (MS) pipeline upgrade planning model that takes into account 
budget constraints in each project period. This model takes “amelioration of the 
inadequate pressure problem” as a measure of the effectiveness of upgrading under 
budgetary constraints, and sets as an objective function that maximize average water 
pressure across all nodes. We proposed penalties, however, that allowed the budget 
limits to be exceeded by a certain amount. The model is thus able to devise flexible 
upgrading plans. In a case study applying the MS pipeline upgrade planning model, we 
confirmed that this model is a means of equalizing node water pressure in the water 
distribution network throughout the project period. The upgrading plan devised using 
the MS model was able to reduce costs by approximately 12% in comparison with the 
case where budget constraints were not taken into account. The study shows that this 
model not only solves hydraulic problems but contributes greatly to improving the 
cost-performance of a pipeline upgrading project. 
 
 
 
 
 
 
 
 
146 
 
REFERENCES 
1. Agha S. (2006) Use of goal and integer programming for water quality management 
– A case study of Gaza strip. European Journal of Operational Research, 174 
1991-1998. 
2. Arai Y., Koizumi A., Horikawa H., Onda Y. and Bakri B. (2013a) Determining the 
Life-Cycle Cost and Life-Cycle CO2 Emissions of a Water Distribution Network. 
Journal of Japan Society of Civil Engineers. Vol.69, No.6, 351-358.  
3. Arai Y., Koizumi A., Horikawa H., Inakazu T. and Bakri B. (2013b) Model Analysis 
of Life-Cycle CO2 Emissions in a Water Pipeline System. Journal of Japan Society 
of Civil Engineers. Vol.69, No.7, 337-344.  
4. Arai Y., Abe S., Inakazu T., Koizumi A., Bakri B. and Yoda H. (2014) Optimization 
of Pipeline Provisioning Plans in Developing Countries Considering Life Cycle 
Costs. Journal of Japan Society of Civil Engineers (accepted). 
5. Bakri B., Arai Y., Kawamura A., Pallu S. and Yoda H. (2012) Life cycle cost 
analysis of pipe network rehabilitation and expansion in Makassar-Indonesia. The 
Proceeding of the IWA International Symposium on Water Supply Technology 
Yokohama-Japan, (November). 
6. Barringer P.H., (2003) A life cycle cost summary. International Conference of 
Society Pert-Australia, (1-10). 
7. Bonton A., Bouchard C., Barbeau B. and Jedrzejak S. (2012) Comparative live cycle 
assessment of water treatment plants. Desalination. 42-54. 
8. Borghetti A. (2013) Using mixed integer programing for volt/var optimization in 
distribution feeders. Electric Power Systems Research. 39-50. 
9. Bosch R. and Trick M. Integer Programing. Available on 
 
147 
 
http://www.inf.ufpr.br/aurora/disciplinas/topicosia2/livros/search/integer.pdf. 
Accessed: August 28, 2014  
10. Claasen G.D.H. (2014) Mixed integer fractional programing for decision support in 
paper production industry. Omega. 21-29.  
11. Dandy G.C. and Engelhard M. (2001) Optimal scheduling of water pipe 
replacement using genetic algorithm. Journal of Water Resources Planning and 
Management, July/Agust 2001. 
12. Fetanat A. and Shifipour G. (2011) Generation maintenance scheduling in power 
systems using ant colony optimization for continues demain based on 0-1 integer 
programing. Expert Systems with Application. 9729-9735. 
13. Hughess T.C., Grenney W.J., Bishop A.B., Clyde C.G. and Narayanan R. (1976) 
Capability of integer programing algorithms in solving water resources planning 
problems. Report (UtahState University). 
14. King C. (2011), LCCA Guide, Washington-USA. 
15. Luong H.T. and Fujiwara O. (2002) Fund allocation model for pipe repair 
maintenance in water distribution networks. European Journal of Operational 
Research. 403-421. 
16. Randall D., Cleland L., Kuehne S. C., Link G.W. and Sheer D.P. (1997) Water 
Supply Planning Simulation Model Using Mixed-Integer Linear Programming 
“Engine”. Journal of Water Resources Planning and Management, Vol. 123, No. 2, 
March/April 1997. 
17. Sarma N.D.R. and Rao K.S.P. (1995) A new 0-1 integer programing method of 
feeder configuration for loss minimization in distribution systems. Electric Power 
Systems Research. 125-131. 
 
148 
 
18. Ulker O. and Landa-Silva D. (2010) A 0/1 integer programing model for the office 
space allocation problem. Electronic Note in Discrete Mathematics. 575-582. 
19. Wedelin D. (1995) The design of a 0-1 integer optimizer and its application in the 
Carmen system. European Journal Application Research. 722-730. 
20. Wiesemann W. (2009) Integer programing. Available on 
http://www.doc.ic.ac.uk/~br/berc/IPlecture1.pdf. Accessed August 28, 2014. 
21. Zayed T. and Mohamed E. (2013) Budget allocation and rehabilitation plan for 
water systems using simulation approach. Tunneling and Underground Space 
Technology. 34-45. 
22. Zhang D., Ye F. and Yuan J. (2013) Life cycle cost analysis (LCCA) on steel bridge 
pavement structural composition. Procedia – Social and Behavioral Sciences. 
785-789. 
23. Zhang J., Liu P., Zhou Z., Ma L. and Ni W. (2014) A mixed-integer nonlinear 
programing approach to the optimal design of heat network in a polygeneration 
energy system. Applied Energy, 114 146-154. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
149 
 
CHAPTER 6 
CONCLUSIONS 
6.1 CONCLUSIONS 
In recently, the water infrastructure market in many developing countries is 
expected to expand in the future. Even today, provision of water supply facilities is 
inadequate and not sufficient to meet the increasing water demand with rapid population 
growth and advance of commerce and industry. Moreover, poorly laid-out pipelines and 
deterioration result in numerous leakage incidents as well as impacting the daily lives of 
citizens with inadequate water pressure. An important issue for developing countries 
will be to devise suitable pipeline upgrading plans that are economically feasible with 
severe financial constraints shall be under financial constraint. In other hand, in 
countries with growing populations, water utilities face enormous challenges to meet 
water demand both in quantity and quality. Thus developing countries are confronted by 
two main problems water supply system, namely how to optimize the distribution 
network for achieving cost-effectiveness and at the same time meeting increasing water 
demand. To tackle these issues, this research develops a new approach for rehabilitation 
and expansion of water distribution network. Chapter 1 provides the research 
background and comparative between current study with previous study relating to the 
design and rehabilitation of pipe distribution networks. 
Chapter 2 reviews and analyzes a report of global water market to describe 
municipal water market from all over the world, and especially to look into detailed 
Indonesia’s water market structure and strategic drinking water management, comparing 
with others countries in East Asia Pacific (EAP) region. The report is prepared by the 
research team at Global Water Intelligence (GWI). The analysis indicates that global 
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water markets expected to be increased in the future and will be dominated by 
rehabilitation network investment. Asia Pacific region with the largest population 
requires substantial cost in building and maintaining of their water infrastructure. 
Strategic pipe management in this region mainly seems like putting effort to rehabilitate 
their water distribution network, exception for Indonesia, Thailand and New Zealand. 
Strong economic and population growth make Indonesia as a country with a favorable 
water market. It is supported by the abundance of water resources. Due to water service 
coverage was only reach around 31% of the total population in 2010 than the country 
should be pay more attention on expansion and rehabilitation of water distribution 
network for meeting water demand and achieving World Bank target in drinking water 
sector. 
Reviewing existing water supply system, analyzing problems the currently 
encounters in water supply sector and forecasting water demand in the study area were 
discussed in Chapter 3. Inadequate alignment of distribution pipelines, low water 
pressure and the high water losses are major problem is being faced by water authority 
in the study area. Many people, particularly in the north and west parts of the city, suffer 
from chronic water shortage and low water pressure (0-0.5 kg/cm2). They tend to have 
suction pumps on their premises to supplement the pressure. Many old pipes in the 
central area installed in the 1920s are still in use, while smaller mains of the PVC pipes 
are installed in the newly developing areas, which at 100-150 mm, are not sufficient to 
achieve stable and continuous water supply. In other hand, forecasting water demand 
result indicates that water demand is expected to be increased rapidly in the future. 
Although water authority is recognizing the urgent need for rehabilitation and 
reinforcement of the existing distribution pipe network, but is not capable of allocating 
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sufficient funds. Replacement or reinforcement of the existing distribution pipe network 
at minimum cost, durable for meeting water demand and easy operation and 
maintenance are considered essential for overcoming of the above problems. 
Chapter 4 addresses optimization of water distribution network (WDN) design. 
A new method is proposed for rehabilitation and expansion of WDN. It said Trunk/Limb 
Mains Reinforcement System (TMR System). Meeting unexpected water demand in the 
long term future, achieving cost-effectiveness, attaining simplicity of the pipe network 
and retaining sufficient water pressure at all customer taps are the main objectives of 
this concept. TMR system is a concept emphasizing reinforcement of trunk/limb mains 
in a network by proper selection of pipelines and diameters of Trunk/Limb Main pipes. 
Replacement or reinforcement of the existing distribution pipe network as proposed by 
the concept is more effective than, and hydraulically preferable to, replacement of all 
mains for rehabilitation. An iteration model of GA is applied to find the optimal solution 
from the many possible alternatives for pipeline mains and diameter pipe in a network. 
The next step, rehabilitation or reinforcement of the pipelines, is then carried out 
selectively based on result of the GA. There are three kinds of GA was developed. 
Hybrid Genetic Algorithms I (HGA-I) is applied, considering rapid growth of future 
water demand. The second, HGA-IIa, focuses on selection of trunk/limb mains pipelines 
and HGA-IIb is to determine appropriate diameter for interim plan years. Hydraulic and 
cost verification proved that by application of TMR system and GA for replacement and 
expansion of WDN is not only meeting increasing water demand but also representing 
cost-effectiveness and ensuring sufficient water pressure at each node. Reducing the 
number of pipes as proposed by the concept and GA also contributes to a substantial 
reduction in labor, procurement, repair and operation and maintenance costs. In addition, 
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the application of this method enables the water authority to clarify the most 
cost-effective route and diameter of trunk/limb mains pipes in the network. 
Upgrading plan of pipe distribution network is discussed in Chapter 5. Here 
multi-step LCCA, IP and HGA were developed to formulate upgrading plan accounting 
budget constraint. LCCA was success to identify potential cost of a project alternative 
including those for initial pipe installation, civil work, replacement, and leak repair. By 
this analysis the overall typical pipeline combination for each pipe was carried out. To 
facilitate combinatorial optimization problem as proposed by LCCA then it needed to be 
formulated in mathematical programming. IP is presented to handle this objective. A 
new IP model is introduced to select the most effective installation scenarios pipe 
considering pipe material and diameter. For deciding the sequence of pipeline upgrading 
based on budget constraint we propose a new HGA model. It said HGA-III. Upgrading 
plan devised using the multi-step of LCCA, IP and HGA-III model was able to reduce 
costs by approximately 12% in comparison with the case where budget constraints were 
not taken into account. This model is able to solve hydraulic problems and contributes 
greatly to improving the cost-performance of a pipeline upgrading project. 
 
6.2 CONTRIBUTIONS 
This research tried to develop a methodology of rehabilitation and expansion of 
WDN, which could tackle the main issue of water authority in developing countries, 
namely how to optimize the distribution network and at the same times meet the 
increasing water demand. The application of this method is appropriate for engineers 
and water authority in planning rehabilitation and expansion of a WDN. They can easily 
clarify the optimal pipeline and diameter of trunk/limb mains pipes in the network, and 
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then replacement or expansion can be concentrated on the pipelines that will improve 
the overall network, without replacing all pipe mains. By this result we also proposed 
optimization models for selecting more appropriate material pipe from the two 
standpoints of meeting future water demand increases and reducing life cycle costs. In 
additions, since the limited fund for rehabilitation and expansion of WDN then this 
research is performed to assist water authority in establishing renewal plan method that 
maximize budget allocation in each project period.   
 
6.3 FUTURE RESEARCH AND SUGGESTIONS 
During the process of compiling this research, there are many opportunities and 
interesting area could be developed for further advance. As the current study estimates 
pipe leakage frequency by assumption will be constant with time per year and km, it is 
necessary to look into details of leakage frequency according to the pipe aging, material 
and diameter in study area. More deep insight to the sufficiently detailed data of leakage 
frequency may probably ensure the effectiveness of the concept, contributing to 
substantial reduction of leakage repair costs. At the same case, pipe installation cost in 
this research took into account only in material and civil work cost, without considering 
pipe accessories, digging, backfill and asphalt pavement cost. More deep and detailed 
analysis of installation cost also ensures the effectiveness of the concept. To verify the 
effectiveness of the concept then this study intends to analyse WDN in Kota Makassar 
(Somba Opu Distribution System). Due to limitation of data and information in study 
area then there are a lot of assumptions are addressed to facilitate this study. More 
complete and detailed data would generate more appropriate solution for the study area. 
 
